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Abstract
Growth and Properties of Topological
Insulator Thin Films Based on the Bi2Se3
Compound
Sercan Babakiray
This dissertation summarizes the growth, structural and electrical transport prop-
erties of topological insulators based on Bi2Se3 compound grown by molecular beam
epitaxy. In the first three chapters, I review the theoretical background and experi-
mental procedures necessary to understand the properties of topological insulators.
The next three chapters cover the results of the structural characterization and elec-
trical transport measurements. The final chapter summarizes the overall results and
suggests future directions for research on Bi2Se3 compounds.
Topological insulators (TIs) are a new class of quantum matter with a bulk band
gap and gapless metallic surface states [1–3]. The spin and momentum degrees of
freedom are locked and are robust against non-magnetic perturbations. Here, I study
the growth, structural and electronic properties of Bi2Se3 and Mn doped Bi2Se3 thin
films.
Bi2Se3/Bi2−xMnxSe3 thin films were grown on single crystal Al2O3 (0001) sub-
strates by molecular beam epitaxy (MBE). Epitaxy was confirmed by reflection high
energy electron diffraction (RHEED). Crystal orientation and lattice parameters were
extracted from x-ray diffraction (XRD) measurements. The thin film thickness and
roughness values were determined by fitting the x-ray reflectivity data (XRR) to
a model based on optical scattering theory. To determine the Mn impurity site in
Bi2−xMnxSe3, extended x-ray absorption fine structure (EXAFS) measurements were
performed at the Mn k-edge.
Finally, resistivity and Hall effect measurements were performed as functions of
magnetic field and temperature. I focus on the weak antilocalization (WAL) and 2D
magnetoconductance in the electrical transport measurements.
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Chapter 1
Introduction
1.1 Introduction
1.1.1 Motivation
The existence of TI surface states was first recognized theoretically and predicted
to appear in mercury telluride, bismuth antimony, bismuth selenide and bismuth
telluride compounds [1, 4–7]. The surface states of a topological insulator are spin-
polarized and robust against non-magnetic perturbations [8]. This unique property
makes TIs attractive candidates for solid state and spintronic devices. Also, it has
been predicted that TIs can display exotic physics such as quantum anomalous Hall
effect [9], Majorana fermions [10] and unusual magneto-optical Kerr and Faraday
effects [11], when the time reversal symmetry is broken due to magnetic impurities.
Impurity doping tends to deteriorate the crystal structure, however, which causes
the Fermi level to lie within the conduction band of the surface states. This in
turn makes the interpretation of transport data difficult, because conduction occurs
both in the surface states and bulk conduction bands. Therefore, the motivation
1
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Figure 1.1: Cartoon depicting the QHE with the edge states on the boundary and
the insulating states in the bulk of the material. From reference [12].
behind this work is to understand the relation between the structural and electronic
transport properties of topological insulators.
1.1.2 Quantum Hall Effect (QHE)
Prior to 1980, all condensed matter were classified by spontaneous symmetry
breaking. In 1980, Klitzing et al. discovered new quantum state of matter that only
depends on the topology of the surface [13]. In a two dimensional material that is
subject to a strong magnetic field, electrons move in circular cyclotron orbits associ-
ated with the Lorentz force. On the edge of the sample, electrons skip to complete
these orbits, thus creating a one dimensional current channel. The states located
towards the middle of such a material do not sustain current flow, and they thus
behave as an insulator as shown in Fig. 1.1. As a result, the Hall conductance is
quantized with rational multiples of e2/h [13]. The quantization of Hall conductance
originates from Landau quantization of a 2D electron gas. The application of mag-
2
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Figure 1.2: (a) Cartoon illustrating the spinless QHE. The numbers 2 = 1 + 1
corresponds to the two degrees of freedom; a forward mover and a backward mover.
(b) QSHE with spinful 1D chain of electrons. There are four basic channels which
are spatially separated in a QSH bar. 4 = 2 + 2 represents the movers at upper edge
containing a forward mover with spin up and a backward mover with spin down, for
the lower edge state. This figure applies for two-dimensional (2D) transport that has
separate channels. The top part of the figure is 1D, the bottom is part 2D. From
reference [8].
netic field shifts the energy of quantized Landau levels (LLs) up and down which
cross the Fermi level at exact discrete numbers corresponding to the edge states.
Whenever a crossing occurs, a plateau appears in the Hall conductance. The beauty
of the QHE is that it is independent of sample dimensions and preparation process.
1.1.3 Quantum Spin Hall Effect (QSHE)
It has been predicted that QHE can occur in 2D systems without the application
of an extrinsic magnetic field [14–16]. In essence, the spin-orbit coupling creates
an intrinsic magnetic field that couples to the spin of electrons. This momentum-
direction dependent coupling defines the motion of electrons in a unique fashion.
Electrons in two edge channels move with opposite momentum. The difference be-
tween QHE and QSHE is shown in Fig. 1.2. For the QHE states, symbolic equation
2 = 1 + 1 illustrates the the electrons moving in forward and backward directions on
opposite sides of the Hall bar, resulting in two degrees of freedom, in total. These
3
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Figure 1.3: HgTe quantum well structure. Blue curve represents the potential energy
well for electrons in conduction band and red curve is the barrier for holes in valence
band. Both electrons and holes are free to move within CdTe layers but they are
confined in the HgTe quantum well. E1 and H1 represent the conduction band
minimum and valence band maximum respectively. When the layer thickness of
quantum well d ≤ 6.5 nm, the bands look like a regular insulator. On the other
hand when d > 6.5 nm, the bands are inverted (on the right) and resemble a QSH
insulator. Adapted from reference [8].
QHE spinless states do not have time-reversal symmetry. Because the electrons in
QHE forward and backward channels travel in opposite directions, backscattering
is forbidden. Therefore, these states are robust and electrons go around impurities
without scattering. On the other hand, QSHE is the superposition of two QHE
systems in which electrons in edge states move in opposite direction creating a net
forward spin flow at the top edge and backward spin flow at the bottom. Conse-
quently, the equation 4 = 2 + 2 demonstrates the four degrees of freedom in the
system.
1.1.4 Two Dimensional Topological Insulators
In typical semiconductors, the conduction band is separated from the valence
band by an energy gap. However, in systems with strong spin-orbit coupling, the
4
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p-orbital band is pushed above the s-orbital band, causing the so-called “band inver-
sion”. Bernevig, Hughes and Zhang proposed a mechanism to search for topological
protection in two dimensional quantum wells (QWs) of mercury telluride. They
modelled a semiconductor heterojunction which sandwich a mercury telluride layer
(HgTe) in between two cadmium telluride (CdTe) layers [4]. When the thickness
of HgTe layer is below 6.5 nm, the structure is a trivial insulator with a positive
energy gap. If the HgTe layer thickness is above 6.5 nm, strong spin orbit coupling
inverts the conduction and valence bands (Fig. 1.3), and the system behaves like
a QSH insulator. Soon after these theoretical predictions were made, experimental
verification of QSHE was achieved by Molenkamp’s group [5] on HgTe heterostruc-
tures grown via molecular beam epitaxy (MBE). They measured the conductance as
a function of gate voltage and tuned the electrical conductivity from n- to p- type,
passing through the insulating phase. For a typical trivial insulator, there is zero
conductance inside the band gap. However for a QSH insulator the conductance for
a pair of edge states is equal to 2e2/h, with a contribution of e2/h for each channel.
For thin QWs, the insulating phase was detected with extremely small conductance
values at low temperatures. However, the thicker QW samples showed a quantized
value of conductance very close to 2e2/h. Also, the variation of the width of the
samples did not change this quantized value of conductance, proving that the effect
must be associated with the edge states.
1.1.5 Three Dimensional Topological Insulators
Fu and Kane predicted that bismuth based semiconducting alloys such as Bi1−xSbx
can be three dimensional (3D) topological insulators due to presence of strong spin-
orbit coupling (SOC) in bismuth element [1]. Similar to the the presence of spin po-
5
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Figure 1.4: (a) Spin-momentum locking on the surface states of a 3D topological
insulator (b) ARPES data showing the dispersion relation for a pure Bi2Te3 sample.
Linar dispersion relation of surface state bands (SSB) appears above the parabolic
dispersion of bulk valence bands (BVB). Dashed line is the Fermi level and blue lines
crosses at the tip of the cone (Dirac point). From reference [8]
larized current in the 1D edge channels in a QSH insulator, a 3D topological insulator
has spin polarized current on its surfaces. The strong SOC results in a Hamiltonian
which is formally identical to the relativistic Dirac equation which gives a linear dis-
persion relation for surface states. The dispersion of the surface states forms a Dirac
cone with its origin at k = 0 and the surface states are protected by time reversal
symmetry (TRS). The experimental observation of the Dirac surface states was first
achieved using angle-resolved photoemission spectroscopy (ARPES) measurements
performed on Bi1−xSbx by Hasan’s group at Princeton [6]. Despite the observation
of Dirac-like linear dispersion relations, the surface states still were mixed with bulk
states in Bi1−xSbx. Later on, search for a wider band gap 3D topological insulators
ended with the discovery of second generation of materials such as Bi2Te3 and Bi2Se3
which are also known as excellent thermoelectric materials [17,18]. Spin-momentum
locking of surface states was confirmed by using spin-integrated angle-resolved pho-
6
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toemission spectroscopy (SARPES) [19] as shown in Fig. 1.4a. Pure Dirac states
were first observed in 3D (Bi1−xSnx)2Te3 where x = 0.67 [20], with the data shown
in the Fig. 1.4b. The formation of a single Dirac cone with a linear dispersion was
realized for the massless fermions. The parabolic dispersion of bulk band electrons
were also confirmed via ARPES measurements performed on these (Bi1−xSnx)2Te3
single crystals.
1.2 Theory of Topological Matter
The energy eigenstates En(k) of a system with periodic potential are given by
solutions of Schrodinger equation. Bloch functions un(k) which are the solution to
the Bloch Hamiltonian H(k) extend over the Brillouin zone with a crystal momentum
k. The band structure and the dispersion are well defined in terms of this crystal
momentum.
1.2.1 Berry Phase
Classification of topological matter is related to the topological band theory and
can be understood in terms of the Berry Phase [21]. If a system is adiabatically
allowed to vary around a closed path, the Bloch wavefunctions un(k) pick up a geo-
metric phase called the Berry Phase. The time evolution of these Bloch wavefunctions
is given by the time-dependent Schrodinger equation
H(k(t)|un(k0), t0; t >= i~ ∂
∂t
|un(k0), t0; t >, (1.1)
7
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where the quantum mechanical expression of time dependent Bloch state is given
by [22]
|un(k0), t0; t >= exp
− i
~
t∫
0
En(k(t
′)dt′)
 exp(iγn(t))|un(k(t) > . (1.2)
The two terms on the right side of the equation correspond to dynamical and geo-
metric phase factors, respectively. After substituting Eq. (1.2) into Eq. (1.1), one
obtains the geometric phase
γn(t) = i < un(k(t))|∇kun(k(t)) > d
dt
k(t). (1.3)
In the parameter space, this can be expressed as a path integral
γn(t) =
∫
C
dk · An(k), (1.4)
where An(k) is a vector potential expressed as
An(k) = i < un(k(t))|∇k|un(k(t)) >, (1.5)
which is known as the Berry Connection. Making a gauge transformation of the form
|un(k(t)) >→ eiχ(k)|un(k(t)) > (1.6)
where χ(k) represents an arbitrary phase, gives the gauge dependent Berry Connec-
tion
An(k)→ An(k)−∇kχ(k). (1.7)
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For an adiabatically slow process, the change in geometric phase γn(t) is given by
χ(k(t = τ))− χ(k(t = 0)) (1.8)
between initial and final points. Assuming a cyclic evolution between two points
along a closed path C( i.e., k(0) = k(τ)),
χ(k(τ))− χ(k(0)) = 2mpi, (1.9)
where m is an integer. So for a closed path C, the geometric phase is independent
of the gauge and called as ‘Berry Phase’ which is
γn =
∮
C
dk · An(k). (1.10)
The Berry phase plays an important role in transport properties of Dirac surface
states and will be further discussed later in relation to the the weak antilocalization
in topological insulators.
1.2.2 The Dirac Equation
In 1928, Paul Dirac developed a relativistic equation for a spin 1/2 particle ;
H = cp.α +mc2β (1.11)
9
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where m is the rest mass of the particle, p is the momentum, α and β are the Dirac
matrices satisfying
αi
2 = β2 = 1 (1.12a)
αiαj = −αjαi (1.12b)
αiβ = −βαi (1.12c)
The other pair of important matrices are known as Pauli matrices σi ( i = x, y, z)
which also obey the anticommutation relation
σiσj = 2δij (1.13)
with
σx =
0 1
1 0
, σy =
0 −i
i 0
, σz =
1 0
0 −1
. (1.14)
In 1D, Dirac matrices αx and β are any two of Pauli matrices and in 2D they are
equal to each other. In 1D we have
αx = σx, β = σz (1.15)
and similarly in 2D,
αx = σx, αy = σy, β = σz (1.16)
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Similar analysis for 3D results in 4× 4 Dirac matrices which can also be written in
terms of the Pauli matrices
αi =
 0 σi
σi 0
 , β =
σ0 0
0 −σ0
 , (1.17)
where σ0 are 2 × 2 identity matrices. It becomes straightforward to solve the Hamil-
tonian in Eq. (1.11) by using these matrices. The corresponding energy eigenvalues
are;
E2 = m2c4 + p2c2, (1.18)
and in 3D there are two solutions for positive (E+) and negative (E−) energies with
E± = ±
√
m2c4 + p2c2 (1.19)
Negative solutions of Dirac equation suggested the existence of an antiparticle
with a negative mass. In 1932, Carl D. Anderson detected the positron experimen-
tally and he was awarded with the Nobel prize soon after. Despite the remarkable
discovery of antimatter, the Dirac equation is inadequate for defining the topologi-
cal matter as it is invariant under a transformation of mass m → −m by replacing
β → −β. A quadratic term is added to the modified Dirac equation, which makes a
correction to the shape of Dirac cone. This modified Dirac equation can be written
as,
H = νp.α + (mν2 −Bp2)β, (1.20)
where −Bp2 = −B(p2x + p2y + p2z) is the quadratic correction to the band gap mν2.
The quantities ν, m and B have dimensions of speed, mass and reciprocal mass,
respectively. The sign of mass m or mν2β defines the spin distribution of the ground
11
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Figure 1.5: Left: Topologically trivial system with spins parallel to each other at
p = 0 and p = ∞. Right: Topologically nontrivial system with anti-parallel spin
orientations at p = 0 and p = ∞. Spin orientations along px axis shown at the
bottom left and right for the corresponding cases. Taken from reference [22].
state at p = 0, whereas for large p, - Bp2β or the sign of B matters. If mB < 0,
the increase in p results in spin rotation from z- direction to the direction of p,
then again back to the original z-direction. In this case, spins are parallel to each
other and a topologically trivial configuration is formed (Fig. 1.5(left). On the other
hand, if mB > 0 and if p increases along the x-direction, then the spin rotates from
z- to x- direction of p at p2c = mν
2/B and then to opposite z- direction at large p.
This creates a topologically non-trivial state where spins at p = 0 and p = ∞ are
anti-parallel to each other as shown in Fig. 1.5(right). Therefore, the orientation of
spin at p = 0 and p = ∞ can be different for the cases of mB > 0, and mB < 0
and defines two topologically distinct cases. For the purpose of topological matter,
mB > 0 is the important case to be analyzed. The solution of Dirac equation for
the case mB > 0 gives helical edge states near the edge for a two dimensional TI
and gives surfaces states for a 3D TI.
12
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1.2.3 Dirac Surface States
The solution of surface states for a system with px = 0 and py = 0 can be derived
from the time-independent Schrodinger equation
H(z) |Ψ〉 = E |Ψ〉 (1.21)
with [22]
H(z) = C +D⊥~2∂z2 − iν⊥~2∂zαz + (M +B⊥~2∂z2)β. (1.22)
where the term C + D⊥~2∂z2 = (p), breaks the particle-hole symmetry between
the conduction band and valence band. In the case of D⊥2 > B⊥2, the band gap
closes and the system is metallic, whereas D⊥2 < B⊥2 represents the insulating state.
Therefore, it is important to have an effective Hamiltonian for the case D⊥2 < B⊥2 in
order to characterize Dirac surface states. We pick exponential trial wave functions
as;
|Ψ1〉 =

a1
0
b1
0

eλz, |Ψ2〉 =

0
a2
0
b2

eλz (1.23)
Matching boundary conditions yields
M +B+λ2 −iν⊥λ
−iν⊥λ −M +B−λ2

a1
b1
 = E
a1
b1
 (1.24)
and M +B+λ2 iν⊥λ
iν⊥λ −M +B−λ2

a2
b2
 = E
a2
b2,
 (1.25)
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where B± = B⊥ ± D⊥. For a1 and b1, the secular determinant equation yields
λ = ±λ1 and ±λ2 . Since the wave functions vanish at z → 0 and z → −∞ for
topological insulators, we get
|Ψ1〉 =

a1
0
b1
0

(eλ1z − eλ2z) (1.26)
where λ1 and λ2 are given by
λ1 =
1
2
√
ν2⊥
B+B−
+
√
1
4
ν2⊥
B+B−
− M
B⊥
, (1.27)
λ2 =
1
2
√
ν2⊥
B+B−
−
√
1
4
ν2⊥
B+B−
− M
B⊥
, (1.28)
and similarly by setting a2 = −a1 and b2 = b1
|Ψ2〉 =

0
−a1
0
b1

(eλ1z − eλ2z) (1.29)
with the eigenvalues E = −D⊥M
B⊥
. Now we can construct the effective Hamiltonian
for a system in general case px = py 6= 0 using the px = py = 0 basis,
Heff =
〈ψ1| |H| |ψ1〉 〈ψ1| |H| |ψ2〉
〈ψ2| |H| |ψ1〉 〈ψ2| |H| |ψ2〉
 = 0(p) + νeff (p⊗ σ)z. (1.30)
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The spin and momentum are locked in this effective model, which is the most
important feature of Dirac surface states. To find the eigenstates, polar coordinates
are introduced with p = p2x+p
2
y and φp = tan
−1(py/px), so that E±(p) = 0(k)±νeffp
yields
|Ψ±〉 = 1√
2
±e−iφp
i
 . (1.31)
The Berry phase around a closed loop will be
γ± =
∮
C
dφp 〈ψ±| i ∂
∂φp
|ψ±〉 = pi. (1.32)
The accumulation of pi Berry phase is the key for understanding the weak antilo-
calization (WAL) behavior of surface states in a topological insulator.
1.2.4 Weak Antilocalization (WAL)
Weak antilocalization (WAL) occurs in materials that have intrinsic spin-orbit
coupling. In TIs, large spin orbit coupling in the bulk results in spin-momentum
locking of surface states. The transport experiments demonstrate that the TIs are
in the diffusive regime where the mean free path is short and the mobility is low. In
the diffusive regime, the electrons are scattered by defects and other electrons which
changes their paths as they continue their motion. As a result of spin-momentum
locking, whenever an electron scatters of an impurity its momentum changes and the
spin rotates accordingly. As the electron closes a loop after scattering, the spin will
be rotated by and angle of pi. Similarly an electron scattering in the opposite rota-
tional direction will have its spin rotated by −pi. The phase difference between these
two paths is 2pi which corresponds to an accumulation of pi Berry phase. There-
15
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Figure 1.6: a) Illustration of the electron trajectory completing a clockwise or coun-
terclockwise closed loop. Spin reorients itself with the direction of momentum at
any point around the loop b) Left : Weak localization (WL) and positive magne-
toconductance with the cusp, Right: Typical weak antilocalization (WAL) curve
showing negative magnetoconductance with the cusp. Dashed line represents the
Drude conductivity. From reference [22].
fore, the two paths interfere destructively and suppress the backscattering. The
suppression of backscattering gives the conductivity an enhancement which can be
destroyed by applying a magnetic field. In materials without spin orbit coupling,
constructive interference enhances the backscattering and results in weak localiza-
tion (WL), an opposite effect to WAL. The application of a magnetic field introduces
a random Aharonov-Bohm phase shift into the system and disturbs the electronic
phase coherence. In this case, there is no accumulation of pi Berry phase and all
quantum localization effects are quenched. A negative magnetoconductance evolves
as a function of field for WAL, and positive magnetoconductance for WL effects
(Fig. 1.6). There are two important length scales related to the localization effects.
Phase coherence length Lφ, and spin-orbit scattering length LSO. The distance that
the electrons take to rearrange their spins after a scattering is called the spin-orbit
16
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scattering length LSO and it is equal to zero (LSO = 0) in the infinite spin-orbit scat-
tering limit as the spin immediately readjusts itself with the direction of momentum
instantaneously. The phase coherence length Lφ is the distance that the electrons
travel before they lose their coherence. The relative competition between these two
scales determines the type of localization effect occurs in a material. For the surface
states of TI, Lφ  LSO and always results in WAL. Magnetic impurity doping can
cause LSO > Lφ and results in WL in some TI systems. In magnetically doped TIs
WAL - WL crossover can be explained by the relative ratio of the gap opening to
the Fermi energy. The Berry phase is given by [23]
− i
∫ 2pi
0
dφ 〈ψk(r)| ∂
∂φ
|ψk(r)〉 = pi
(
1− ∆
2EF
)
, (1.33)
which yields pi for WAL (∆/2EF = 0), and 2pi for WL (∆ = 2EF ). The ratio ∆/2EF
can be tuned via doping or gating to investigate the transition in magnetically doped
systems.
For a diffusive system with spin orbit interaction, 2D magnetoconductance was
studied by Hikami, Larkin and Nagaoka (HLN). The quantum correction to the
Drude conductivity is given by HLN equation [24],
∆σ⊥(B) = α
e2
2pi2~
[
ψ
(
~
4eL2φB
+
1
2
)
− ln
(
~
4eL2φB
)]
, (1.34)
where α is a preconstant, ψ is the digamma function and Lφ is the phase coherence
length which is related to the dephasing field, with Bφ = ~/(4eL2φ). There are three
important cases in HLN theory:
i) If there is neither spin orbit interaction nor magnetic scattering occurs, then
α = 1 corresponding to the orthogonal case which results in weak localization (WL)
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ii) If magnetic scattering is strong, α = 0, which is called the unitary case.
iii) If there is no magnetic scattering and the spin orbit interaction is strong,
α = −0.5, which is referred to as the symplectic case.
The surface of a topological insulator can be treated with HLN theory as a two
dimensional random scattering potential. Strong spin orbit coupling always results
in dominant WAL with a prefactor α ≈ −0.5. Since the spin orbit scattering is
sufficiently strong, ∆R = −R2∆σ is positive and always results in positive magne-
toresistance (negative magnetoconductance).
1.2.5 Electron-Electron Interaction (EEI) in Disordered Sys-
tems
The effect of electron electron collisions in disordered systems has been exten-
sively studied to understand the temperature and field dependence of conductiv-
ity [25, 26]. The low temperature dephasing time (τφ) in the quantum interference
regime has been studied to analyze the different scattering mechanisms in disordered
conductors [27]. The short dephasing time observed in disordered conductors is a
major obstacle to achieve high speed operation of solid state devices. Typically,
low field magnetoconductance is used to extract the dephasing times (or coherence
lengths). There are two important sources of dephasing in a disordered conductor:
i) electron-phonon interactions which dominate at high temperatures temperatures,
and ii) electron-electron interactions which dominate at low temperatures ( typically
1-10 K in 2D disordered metals) The theory developed by Altshuler and Aronov
predicts that the dephasing at low temperatures in dirty metals is dominated by
electron-electron scattering. An electron’s interaction with the fluctuating electro-
magnetic fields from nearby electrons causes an enhanced scattering and increases
18
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the resistance [26]. A sudden change in the charge distribution in a disordered metal
can not be screened immediately. Since the electrons are in diffusive regime, they
need time to screen the charge distribution. A slow diffusion process leads to a re-
duced screening. As a result, an effective electron electron interaction (EEI) builds
up due to the exchange interaction between electron pairs [27]. This introduces a
correction to the resistance of the system at low temperatures. Even though weak
localization has a similar effect on the resistance, the physical interpretation is differ-
ent. It is important to note that the Altshuler-Aronov mechanism leads to a result
that is mathematically identical to the HLN formalism. The reason is that both
mechanisms rely on interference of states due to scattering in two-dimensions. For a
disordered conductor, the dephasing rate (2D) [25],
τ−1φ = kBT
e2R
2pi~2
ln
(
pi~
e2R
)2/3
(1.35)
where R is the sheet resistance. The 2D theory predicts a dephasing rate of τφ
−1≈
T (or Lφ ≈ T−0.5 since Lφ =
√
Dτφ) in good agreement with the experimental
observations of the transport measurements of TI thin films. In zero field, the EEI
and interference corrections to the conductivity σ(T,H = 0) are additive to the
lowest order and can be written as [28],
∆σ = −∆R
R
1
R
=
e2
2pi2~
[
αp+
(
1− 3
4
F˜
)]
ln
[
T
T0
]
(1.36)
where T0 is a temperature parameter, p is the temperature index of Thouless length
(ie: thermal length) LTh, with p depending on the collision mechanism. The precon-
stant α = 1 for an orbitally non degenerate free electron gas. The second term 3
4
F˜
is the Coulomb interaction (or EEI) term with F˜ related to the Hartree screening
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length. The experiments with TIs demonstrated that the EEI correction is also log-
arithmic with decreasing temperature. The application of perpendicular magnetic
field quenches the quantum corrections and leaves only the electron-electron inter-
action term. Therefore, it is important to analyze the conductivity in the zero and
non-zero fields to separate the two contributions for the case of TI thin films.
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Chapter 2
Growth and Characterization of
Bi2Se3 and Bi2−xMnxSe3 Thin
Films
2.1 Thin Film Growth and Fabrication
2.1.1 Molecular Beam Epitaxy (MBE)
Molecular beam epitaxy is a technique for growing thin films of semiconductors
[29], metals [30], and insulators [31]. Very low background pressures (P ≈ 10−10
Torr) allow a contaminant-free environment for the growth of high quality thin films.
Materials of interest are stored in non-reactive crucibles that reside in Knudsen cells
(k-cells) which operate under thermal processes. The crucibles are surrounded by
resistive filaments which heat and evaporate the material. Temperature of a k-cell
is read via a thermocouple with a precision approximately ± 0.1 ◦C. The molecular
beam of elements evaporates from k-cells and arrives at surface of a substrate and
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crystallizes. The growth rate is low enough (typically 0.1 monolayer/s) to allow
surface migration of species at the substrate surface. As a result, atomically smooth
and sharp surfaces can be achieved.
The mean free path of a molecule is defined as the average distance traveled
between the successive collisions. In a high vacuum system the mean free path of
molecules is given by [32]:
L−1b =
√
2pinbd
2
b + pingd
2
bg
√
1 + v2g/v
2
b , (2.1)
with dbg = (db + dg)/2 and where nb, db, and vb are concentration, diameter and
average velocity of the molecules in the molecular beam and ng, dg, and vg are con-
centration, diameter and average velocity of the molecules of the residual gas in the
reaction chamber. In a typical MBE chamber, the mean free path is on the order of
a thousand meters, and much larger than the diameter of the chamber itself. There-
fore, molecules do not collide and interact until they hit the substrate. Moreover,
the ultra-high vacuum conditions allows the utilization of various in-situ techniques,
including RHEED [33], Auger electron spectroscopy (AES) [34], spectroscopic ellip-
sometry [35], and laser interferometry [36] among others.
What distinguishes MBE from other deposition techniques is the precise control
over the beam fluxes and growth conditions. Mechanical shutters in front of beam
sources are used to control incoming molecular beams and make it possible to arrange
different ways of growing a multilayered structure, or ensures a precise doping in a
material. In the growth of undoped Bi2Se3 and Bi2−xMnxSe3 thin films, we used a
co-deposition method and opened all shutters simultaneously.
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Figure 2.1: Picture of a typical MBE chamber. RHEED apparatus, k-cells for source
materials, manipulator, a gate valve to isolate UHV chamber from the transfer en-
try lock can be seen in the figure. Pump and quartz crystal microbalance are not
displayed [37].
2.1.2 Photolithography
Photolithography is a technique used to remove parts of the film which are not
necessary for the measurement. To start with, a clean surface is assured by sonicating
the film typically around 30 seconds in acetone. Then an appropriate photoresist is
applied on the sample surface with spin coating method. The film is spun at high
speed to distribute the photoresist evenly on the surface. After spin coating, the
sample is baked on a hot plate at 95 ◦C for four minutes. The baking process assures
the hardening of photoresist and improves adhesion to the film. There are two types
of photoresists that can be used as shown in Fig. 2.2, positive and negative one. It is
necessary to use the positive photoresist if an exact copy of the pattern is desired on
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Photolithography step Time (s)
Ultrasonicator 30
Spin coater 60 (s = 2160 rpm)
Soft bake 240 (T = 95 ◦C)
UV exposure 111
Developer 60
Table 2.1: Details of photolithography process used in patterning Bi2Se3 and
Bi2−xMnxSe3 thin films.
sample surface. In these resists, exposure to UV light changes the chemical structure
of the photoresist polymer and it becomes more soluble in developer. The negative
resists work in the opposite way: they stay on the parts where they are exposed to
UV light and the developer removes only unexposed portions. After finishing spin
coating and baking process with a positive photoresist, the sample is mounted on
the photolithography equipment with a specially designed mask. After aligning the
sample with the desired pattern, the automatic exposure unit is set for a certain
time. Pressing start button causes the shutter to open and sample is exposed to UV
light for specific amount of time. After exposure, the sample is rinsed in developer
for 60 seconds. This washes away all photoresist that was exposed to UV light and
leaves the rest. Then the sample is rinsed in DI water for a few seconds. After this
process, a pattern is clearly seen on the sample surface. We patterned our films
with a specially designed mask, and used a positive photoresist (AZ 5214). All films
were exposed to UV light for 111 seconds. The parameters related to the patterning
process are summarized in Table 2.1.
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Figure 2.2: Patterning with positive and negative photoresists. From reference [38].
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2.1.3 Argon Ion Milling
Following developing process in photolithography, it becomes important to etch
away the unwanted parts of the film. The etching process must be considered very
carefully since a remaining portion of an unwanted film would result in electrical
shorts through the contacts. There are two different etching processes. In wet
etching, a specific acid or base solution is used to remove the extra material. The
advantage of this technique is the time efficiency. The films can be etched in 1-3
seconds. However, it is very difficult to estimate the etching periods for different
materials. Therefore, significant damage on the electrical contacts may occur. The
second etching technique is known as dry etching. Dry etching involves bombardment
of the sample surface with an ionized inert gas such as argon. Typically a series of
grids at a specific potential is used to accelerate Ar ions. A neutralizer is used to
neutralize Ar ions to reduce charging effects. The beam is directed on the sample
surface and removes unwanted material atoms from the surface. We used Ar ion
milling to etch away the conducting parts of our films after the developing step. All
of the Bi2Se3 and Bi2−xMnxSe3 thin films were fabricated, patterned, and etched in
the same way.
2.2 Thin Film Characterization Techniques
2.2.1 Reflection High Energy Electron Diffraction (RHEED)
RHEED is an in-situ characterization technique used to study the surface quality
of an MBE grown thin film. An electron beam with an energy in the 5-40 keV range
is aimed at the sample’s surface with a very shallow angle of incidence (typically 1
◦) which interacts with the atoms on the topmost layers of a thin film. The grazing
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angle of incidence results in a very small diffraction contribution from the planes
that are perpendicular to the film surface, whereas the diffraction from the planes
parallel to the film surface can be detected with high precision [39]. The wavelength
of the electrons in the incident beam is given by the de Broglie wavelength, which
can be expressed as [32]
λ ≈ 12.247√
V (1 + 10−6V )
A˚ (2.2)
where V is the accelerating voltage of electron beam in volts. The typical electron
wavelengths lie between 0.06 and 0.2 A˚.
Figure 2.3: Typical RHEED schematic where phosphorous screen is located at 180◦
relative to the electron beam gun. From reference [32].
The term “ layer-by-layer” growth (Frank-van der Merwe) is a special type of
growth mode in which atoms start to form next atomic monolayer after completion
of the previous one. During this process, the specular beam of the diffraction pattern
oscillates in time, a phenomenon widely known as RHEED oscillations. III-V group
of compound semiconductors are known to grown in epitaxial fashion on appropri-
ate substrates. A well known example is the growth of GaAs, for which RHEED
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oscillations are shown in Fig. 2.4. Each oscillation corresponds to the growth of a
monolayer of GaAs.
There are two ways to achieve layer-by-layer growth and obtain RHEED oscilla-
tions [40]. The first method involves operating the source shutters in succession, so
as to deposit different layers in the material sequentially. Another method involves
opening the source shutters simultaneously. The growth Bi2Se3 occurs in a special
way called quintuple layer epitaxy [41] which consists of Se-Bi-Se-Bi-Se atomic layers
successively. Therefore, at formation of each quintuple layer there is one correspond-
ing RHEED oscillation with the period equals to the time necessary to complete
a full quintuple layer. I used the second method, and achieved quintuple layer by
quintuple layer growth (ql-by-ql) of pure Bi2Se3 thin films by co-depositing bismuth
and selenium.
Figure 2.4: RHEED intensity of oscillations for GaAs thin film. The period of
oscillations exactly corresponds to the growth of a single monolayer (i.e. a complete
layer of Ga+As atoms.). From reference [40].
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2.2.2 X-ray Diffraction (XRD)
X-ray diffraction is one of the most common techniques used to study the crystal
structure of a material. It was first discovered by Max von Laue in 1912, and it is
now widely used in nearly all areas of material science research. X-ray diffraction is
a direct tool to study materials structure due to the fact that wavelength of x-rays
are on the order of one Angstrom and comparable to the lattice spacing of most
materials.
Crystallinity in a material guarantees the formation of stacking layers in which
atoms arrange themselves in a specific ordering. Therefore, the atomic ordering
enables the reflection and interference between scattered x-rays from the atomic
planes. [42] When a monochromatic beam of x-rays is directed to a crystalline sample,
it results in reflections and constructive interference of x-rays from adjacent planes
if as Bragg’s condition is met, such that [43]:
2dhkl sin θ = λ, (2.3)
where dhkl is the lattice spacing in reciprocal space, θ is the angle of reflection between
the sample surfaces normal and outgoing x-rays, and λ is the wavelength of x-rays.
Equivalently, one can write
S− S0
λ
= Hhkl, (2.4)
where S and S0 are the unit vectors for reflected and incident beams and Hhkl is the
reciprocal lattice vector perpendicular to hkl plane. In order for diffraction to occur,
the reciprocal lattice vector should coincide with the momentum transfer vector
of the scattered x-rays. Since x-ray scattering from the lattice is mostly elastic,
the initial and final momenta of the scattered photons have the same magnitude
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Figure 2.5: Four circle x-ray diffractometer. From reference [44].
but differ in direction. This implies that the reciprocal lattice vector must connect
two points in reciprocal space that lie on a sphere of radius k = 2pi/λ, such that
Hhkl = ~kf − ~ki = ∆~k. (Figs. 2.6 and 2.7) To measure the out-of-plane x-ray
diffraction from a crystal, a sample is mounted on a diffractometer as shown in Fig.
2.5. The angle χ is set to χ = 90◦ where the reference χ = 0◦ is defined at the
position where the surface normal is vertical. However, in-plane XRD measurements
require setting χ to a specific value in order to detect corresponding reflection from
the crystal. The relations between diffraction angles, lattice structure and lattice
constants can be derived for different crystal structures [42].
2.2.3 X-ray Reflectivity (XRR)
X-rays become very sensitive to the interlayer thickness and roughness when the
angle of incidence is less than 100 [45, 46].
After reflecting off the surface of a sample, x-rays interfere with each other due
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Figure 2.6: Schematic of x-ray diffraction. S and S0 are the incident and scattered x
ray unit vectors. Hhkl is reciprocal lattice vector perpendicular to hkl plane. From
reference [42].
to scattering from different interfaces. As a result, an oscillatory pattern is observed
in the θ-2θ scan known as Kiessig fringes [47]. Parratt developed a recursive algo-
rithm by using an optical approach based on the Fresnel equations [48]. In 1980, L.
Nevot and P. Croce defined an exponential decay factor proportional to the square
of the vertical roughness at each interface in order to take into account the interlayer
roughness. [49]. In this work, I used Parratt’s algorithm to estimate thickness and
interface roughness parameters for all of our thin films.
2.2.4 Atomic Force Microscopy (AFM)
Atomic force microscopy is a widely used technique to study the surface topogra-
phy of thin films. Usually a cantilever with a nanosize tip is held at a position above
the sample surface. The tip is attached to a piezoelectric material which results in
vertical and horizontal displacements when a voltage is applied. A laser beam is
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Figure 2.7: Diffraction condition is satisfied for any point hkl crossing the Ewald
sphere. From reference [42].
reflected off from the back of the cantilever and this beam generates a voltage in a
diode array detector. A displacement of the beam on the array is interpreted as a
vertical displacement of the tip. Therefore, diode array can be used as a standard
feedback mechanism to adjust the force or the distance between the cantilever and
the surface.
In contact mode, the interaction between the tip and sample surface causes a
deflection in the tip’s position and this is adjusted by use of piezoelectric material.
The amount of the vertical displacement adjusted recorded to map the topography
of sample surface. This technique, also known as contact mode scanning, has several
drawbacks especially for soft samples. The tip contaminates over time and produces
artifacts and can damage the sample surface in contact.
In tapping mode, the cantilever is driven at its natural frequency, typically around
50-400 kHz. Due to this oscillating character, the tip comes in contact with sample
surface only sporadically. The interaction between sample surface and the tip causes
a change in oscillation amplitude. The topography of the sample surface can be
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Figure 2.8: Schematics for two AFM modes: Contact mode (left) and tapping mode
(right). From reference [50].
extracted by measuring the changes in oscillation amplitude using diode array. The
two different modes of AFM setup are shown in Fig. 2.8.
2.2.5 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is used to estimate the stoichiometric
composition of materials. An x-ray beam is directed to the sample and it knocks out
some electrons from the material. Information about the atomic species in material
can be directly learned by detecting the energy spectrum of these ejected electrons.
Similar to other electron spectroscopy techniques, XPS is also a surface sensitive
technique due to the short mean free paths of electrons in solids. The photo-emission
process during XPS can be described by the photoelectric effect, so that
Eb = hv − Ek − φ, (2.5)
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Figure 2.9: Illustration of a typical XPS setup.
where Eb is the binding energy of electrons, hv is the photon energy, Ek is the kinetic
energy of electrons measured by spectrometer, and φ is the spectrometer work func-
tion, respectively. The sensitivity of XPS to excite core shell electrons in a material
allows accurate identification of chemical composition. The quantitative comparison
of stoichiometry is achieved by comparing relative peak intensities of different core
levels. Also, information about the chemical bonding states is obtained by measur-
ing energy shifts of core level peaks. Finally, the areas under the peak intensities
are integrated and scaled with a sensitivity factor to determine the coverage of a
chemical species in the material. A typical XPS setup is shown in Fig. 2.9.
XPS analysis was used to determine the concentration of Mn in Bi2−xMnxSe3
thin films. We acquired the XPS spectrum for corresponding Bi-4f , Se-3d, Mn-2p
states and estimated the Mn concentration by comparing it to the Bi coverage in our
films.
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2.2.6 Extended X-ray Absorption Fine Structure (EXAFS)
Extended x-ray absorption fine structure (EXAFS) is a widely used spectroscopy
technique to probe the local structure of an atom in a material by means of analyzing
the x-ray absorption spectrum. [51]. In an EXAFS experiment, the absorption of
radiation is measured as a function of energy and it is defined as
µ(E) = ln
(
I1
I2
)
, (2.6)
where µ(E) is the absorption coefficient, I1 and I2 represents the intensities of incom-
ing and transmitted waves. The main mechanism for the EXAFS is the photoelectric
effect. When the energy of incoming x-rays match the energy difference between a
core level (energy of 1s(K-shell), 2s(L-shell) or 2p(M-shell)) and the Fermi level, the
absorption increases rapidly (Fig. 2.10). Incoming x-ray photon energy is absorbed
and core electron is excited above the Fermi level with kinetic energy. Emitted pho-
toelectrons propagate in the crystal lattice and interacts with the surrounding atoms.
Forward propagating waves and the back-scattered waves interfere which results in
an oscillatory pattern in the absorption coefficient µ(E) known as EXAFS spectra.
These oscillations (Fig. 2.11) can be analyzed to obtain information about structural
parameters such as bond lengths and Debye-Waller factors.
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Figure 2.10: Energy dependence of x-ray absorption coefficient, Ref. [52].
Figure 2.11: Interference in an EXAFS experiment, Ref. [52].
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The EXAFS function is given by
χ(E) =
µ(E)− µi(E)
∆µi(E0)
, (2.7)
where µ(E) is absorption coefficient, E0 is absorption edge energy, ∆µi absorption
edge step and µi is an atomic background related to the absorption on free ion in the
material, which excludes the oscillations due to interference. Also, it is convenient to
define the wavevector k of photoelectron and the EXAFS function χ(k). In order to
treat the the oscillations at high k values , the function χ(k) is weighted by a factor
of kp, where p takes values of 1, 2 or 3. Indeed, χ(k) function includes all of the
possible paths for the photoelectron propagation. When a photoelectron is emitted
from an atom, it starts propagating and the wave associated with it is reflected from
a neighboring atom. The electron can bounce back and scatter from the original
atom or another atom nearby. So the photoelectron can scatter many times before it
returns to the original atom. All the possible paths (trajectories) contribute to the
EXAFS function χ(k), and the total χ(k) can be written as
χ(k) = S20R
∑
shell
NshellFeff
kR2shell
exp(−2r/λ) sin(2kRshell + φeff + φc) exp
(−2k2σ2)
(2.8)
where Nshell is the number of atoms in each shell, S
2
0 is amplitude, Rshell is the dis-
tance between central and surrounding atom, σ2 is Debye-Waller factor representing
the disorder in neighboring distance, λ is mean free path, ρ is central atom loss fac-
tor, Feff is effective backscattering amplitude, φeff is a phase correction, φc is the
phase shift of central atom, and R is the the total loss factor for central atom. The
data and fits of EXAFS spectrum can be expressed in terms of the Fourier transform
of χ(k), which is χ(R). The peak and oscillations in |χ(R)| are used to identify the
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coordination spheres or scatterers as well as the nearest neighbor atoms and their
distances from the absorbing atom. In this study, EXAFS was used to determine
the position of Mn atoms in the crystal lattice of Bi2−xMnxSe3 thin films.
2.2.7 Hall Effect
Hall effect is the standard technique to investigate the carrier type, carrier density
and mobility in metals and semiconductors. In 1879, Edwin Hall discovered that
when a current runs through a conductor in a uniform magnetic field, the charges
accumulate on the sides of the sample generating a voltage difference. Measuring this
voltage difference enables the determination of electronic properties of the material.
A typical Hall measurement geometry is shown in Fig. 2.12. An electric field
is applied with Ey causing a current jy in the y direction. The magnetic field H
is applied in out of plane of the sample. If the charges are electrons, they will be
deflected in −x direction and accumulates on the sides of the sample due to the
Lorentz force [53]
~FL =
−e
c
v×H. (2.9)
Immediately, an electric field is formed to counteract this Lorentz force. Therefore,
there is only current jy, in y direction in the equilibrium case as shown in Figure
2.12 . The magnetoresistance is defined as
ρ = Ey/jy, (2.10)
and the Hall coefficient, which relates the transverse electric field to the magnetic
field, is written as
RH =
Ex
jyH
. (2.11)
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Figure 2.12: Standard geometry for a Hall experiment.
The sign of the Hall coefficient indicates the type of majority of carriers. After a little
algebra, one obtains another form of Hall coefficient for the steady state condition,
RH =
1
ne
. (2.12)
The mobility then becomes
µ =
1
(ρRH)
. (2.13)
This analysis is used to calculate the type of majority carriers, their density and
mobility. The Hall effect was measured for all Bi2Se3 and Bi2−xMnxSe3 thin films
by standard six probe configuration. The carrier density and the mobility were
estimated with the procedure mentioned above. Hall measurements were carried out
as functions of temperature and magnetic field.
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Experimental Methods
3.1 Sample Preparation and MBE Growth
Al2O3 single crystal substrates of size 10 × 10 mm were cleaned in an ultra-
sonicator for 5 minutes in acetone, methanol and DI water. Prior to the growth,
the substrates were annealed in air for 2 hours at 1200 ◦C to achieve an atomically
smooth surface, as verified by atomic force microscopy. After the annealing process,
the substrates were mounted on a 50.8 mm diameter molybdenum holder with two
clips. A load lock chamber with a base pressure of typically 1 x 10−7 Torr was used
to transfer samples into the vacuum chamber. The load lock chamber was connected
to a main transfer chamber which has a base pressure of ≈ 5.0 x 10−9 Torr . This
transfer chamber was connected to three other UHV chambers which are dedicated
to the growth of different materials, such as topological insulators (TIs), transition
metal fluorides and oxides. Next, the samples were transferred to the TIs cham-
ber with the help of a mechanical transfer arm. During the growth, Bi (99.999%),
Se (99.999%) and Mn (99.999%) were simultaneously evaporated using commercial
Knudsen cells. Material fluxes of the constituent Bi, Se and Mn were measured using
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an Inficon quartz crystal microbalance (QCM) controlled via an Inficon IC5 deposi-
tion controller placed at the position of the sample. The growth rate was determined
by the Bi flux and kept at 0.6 QL/min. The typical flux ranges for materials were, Bi
≈ 1×1016 Se ≈ 1.5×1017, and Mn ≈ 1×1014 atoms/cm2. The growth was performed
in two steps [54]: the first 3 QLs were grown at a substrate temperature of Ts = 140
◦C, while the subsequent ones after the substrate temperature was raised to Ts = 275
◦C. The film surface quality was monitored in-situ using RHEED. The typical Se/Bi
molar flux ratio value was 15± 0.7 [55]. After the growth of TI layer, the heater was
turned off and the sample was left in the chamber to cool down for a day. To avoid
oxidation due to exposure to air, all samples were transferred to another growth
chamber without breaking vacuum where they were capped with 10 nm polycrys-
talline MgF2 layer grown at room temperature by electron beam evaporation [56].
When growing Bi2Se3, the thickness was varied, whereas for Bi2−xMnxSe3, the film
thickness was fixed and Mn concentration was varied. For undoped samples, films
were grown with a thickness range of 6-50 QLs. Another batch of pure samples were
grown with a thickness of 12, 16, 20, 25 QLs to study the parallel magnetotransport
in Bi2Se3 films. On the other hand, for Mn doped Bi2−xMnxSe3 films, thickness was
fixed to 30 QL and 12 QL in two batch of samples with x values for Mn concentration
kept in range 0 < x < 0.2.
3.2 Structural Characterization
3.2.1 Reflection High Energy Electron Diffraction (RHEED)
All RHEED data was taken by using a k-space association data analysis soft-
ware and an electron beam source from Staib. Corresponding beam voltage and
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Figure 3.1: (a) RHEED oscillations for a 15 QL Bi2Se3 thin film. Each peaks corre-
sponds to a completion of a quintuple layer. Note: First 3 QL layers are not shown
in the figure. Blue and red circles represent the data and the fit, respectively. (b)
Vertical streaks in RHEED image indicating a high quality, smooth surface.
currents were 18 keV and 2.7 A successively. RHEED images of each substrate were
taken prior to the film growth. The single crystalline structure of the substrate was
confirmed for all samples. During the growth of Bi2Se3, RHEED oscillations were
recorded as function of time. Typical RHEED oscillations and the corresponding
RHEED pattern are shown in Fig. 3.1 for a 15 QL thin film. Oscillations corre-
sponding to the first 3 QL layer of Bi2Se3 were not captured due to the low growth
temperatures. Another important finding of RHEED oscillations is the confirmation
of film thickness (15 QL) by observing a single oscillation for each quintuple layer
(Fig. 3.1a). The streaky RHEED images indicated a high quality, epitaxial film
growth (Fig. 3.1b). Although RHEED oscillations were observed during the growth
of pure Bi2Se3 films, indicating quintuple layer-by-layer growth, oscillations were not
observed in Mn doped samples, Bi2−xMnxSe3 with x > 0. A similar RHEED anal-
ysis were performed for the MgF2 capping layer and its polycrystalline nature was
confirmed.
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Figure 3.2: (a) X-ray diffraction (XRD) data for 15 QL Bi2Se3 thin film. Out
of plane-(00l) peaks are labeled in the figure. Asterisks represent the peaks from
substrate. (b) In-plane x-ray diffraction scan showing three and six peaks for Al2O3
(104) and Bi2Se3 (015) reflections, respectively.
3.2.2 X-ray Diffraction (XRD)
X-ray diffraction measurements were performed with a Rigaku RU-300 x-ray
generator equipped with a Huber four circle diffractrometer using CuKα radiation
source with a wavelength of 1.5418 A˚. X-rays were alligned with respect to the
Al2O3 (006) and Bi2Se3 (0015) peaks. The out of plane θ-2θ scans were perfomed
on each thin film to identify the growth direction and corresponding phases. The
c-axis lattice parameter (using the hexagonal crystal structure basis) was calculated
from out-of-plane (q momentum transfer vector perpendicular to the plane of the
sample) x-ray measurements. Rocking curves of Bi2Se3 (0015) peak were measured
to compare the quality of films relative to each other. Single crystal ordering was
confirmed by observing (00l) family of planes (in the hexagonal basis) for all Bi2Se3
and Bi2−xMnxSe3 thin films. In-plane XRD measurements were performed to check
the epitaxial relation between the Al2O3 (104) and Bi2Se3 (015) peaks. The epitaxial
relation between the film and the substrate was established with an additional twin
43
3.2. STRUCTURAL CHARACTERIZATION
domain formation. The in-plane lattice parameter a was calculated by using in and
out of plane x-ray diffraction data. An example of an XRD pattern for a 15 QL
sample is shown in Fig. 3.2. The rhombohedrally layered structure of Bi2Se3 was
confirmed with the observation of (00l) peaks (Fig. 3.2a). No secondary phases were
detected in this scans. Azimuthal XRD scans indicated a twin domain in Bi2Se3
growth for the Bi2Se3 (015) reflection [57, 58] (Fig. 3.2(b)). The out of plane (00l)
ordering and the formation of twins were observed for all the samples in this study.
3.2.3 X-ray Reflectivity (XRR)
X-ray reflectivity measurements were performed with the same Rigaku RU-300
x-ray generator. Two circle diffractometer was used for reflectivity measurements
with a resolution of 0.003 A˚−1. The data was analyzed using open source software
GenX [59] based on Parratt’s recursion algorithm mentioned in Chapter 2. The
thickness and roughnesses of all layers were estimated by GenX fits. Figure 3.3
shows the models used in determining the layer thickness and roughness for Bi2Se3
and Bi2−xMnxSe3 thin films. We used two different models to fit our data. The first
one involved the fitting in the high Q range including the first Bragg peak (003)
while the second model was only used in low Q range without the Bragg peak. For
all samples, an interface layer at the top and/or bottom consisting of the average
electron density of the substrate and Bi2Se3 (for the bottom) or of MgF2 and Bi2Se3
(for the top) was included in order to simulate larger interface disorder parameters.
Thickness and roughness were estimated from the scattering length density (SLD)
and its derivative profiles [60]. An example of XRR data and fit can be seen in
figure 3.4 for our 15 QL Bi2Se3 sample. The GenX fits to the XRR data looks in
excellent agreement. The sample thickness was estimated to be 13.95 nm for this 15
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Figure 3.3: XRR fit models for Bi2Se3 and Bi2−xMnxSe3 thin films. Approximate
thickness of each layer are labeled (left) for the first model which was used in high
Q range. The model seen on the right was used in low Q range.
QL sample. Similarly, the thickness of MgF2 layer was 11.5 nm (Fig. 3.4b). The
roughness values were estimated from the width of the first derivatives of SLD with
the values of 0.17 nm and 1.47 nm for Bi2Se3 and MgF2 layers, respectively (Fig.
3.4c).
3.2.4 Atomic Force Microscopy (AFM)
All AFM measurements were performed in tapping mode using Nanoscope IIIa
controller. AFM centilavers were 125 µm long, 2.1 µm thick and had a radius of
curvature less than 8 nm with resonance frequency of 160 kHz. Due to the capping
layer of MgF2, interpretation of the AFM data involved consideration of both capping
and the underlying Bi2Se3 layers. Figure 3.5 shows a typical surface topography of
MgF2/Bi2Se3 layer on sapphire substrate. The triangular features are signatures
of dislocations present in Bi2Se3 layer. The roughness of MgF2/Bi2Se3 layer was
obtained from Nanoscope software program Nanoscope 5.31, which yielded a value
of 0.9 nm.
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Figure 3.4: (a) X-ray reflectivity data and the fit for a 15 QL Bi2Se3 thin film. Blue
circles and magenta line represent the data and the fit, respectively. The first Bragg
peak of Bi2Se3 (003) labeled in figure at Q = 0.65 A˚
−1. (b) SLD profiles extracted
from the GenX fits with names of each layer. (c) First derivative of SLD data. Blue
curves represents the Gaussian fits to obtain roughness values of Bi2Se3 and MgF2
layers.
Figure 3.5: 2 x 2 µm2, ex-situ AFM image of 15 QL Bi2Se3 film capped with a MgF2
layer. Estimated film roughness is 0.9 nm.
46
3.2. STRUCTURAL CHARACTERIZATION
3.2.5 X-ray Photoelectron Spectroscopy (XPS)
XPS measurements were performed in order to confirm the nominal doping con-
centrations of Mn in Bi2−xMnxSe3 thin films and also to determine the valency of Mn
impurities. XPS depth profile analysis was performed using a Physical Electronics
PHI 5000 Versa Probe XPS system with a monochromatic Al Kα source (energy =
1486.7 eV) and a beam diameter of approximately 100 µm equipped with a hemi-
spherical detector oriented at a 450 take-off angle withrespect to the sample surface.
The MgF2 capping layer was sputtered off using Ar ions with an energy of 2 keV
and a current of 10 µA for 6 s intervals. Between each interval, survey scans from 0
eV to 1400 eV were performed. This was repeated until the Mg 1s and F 1s peaks
almost disappeared. Once this was done, detailed scans of the Bi 4f, Se 3d, and Mn
2p transitions were acquired. The binding energies were calibrated to the C 1s peak
coming from the surface of the sample before sputtering.
3.2.6 Extended X-ray Absorption Fine Structure (EXAFS)
In order to characterize the Mn impurity sites, EXAFS measurement was per-
formed on a 30 QL Bi2−xMnxSe3 sample with x = 0.063. EXAFS data were taken
at Advanced Light Source (ALS) beamline 10.3.2 at the Mn Kedge [61]. The sample
was set at a grazing angle to the beam of 20 in order to increase the signal from the
thin Bi2−xMnxSe3 layer. The beam spot in the horizontal was 12 µm, making the
footprint on the sample 350 µm wide. The fluorescence signal was detected using an
AmpTek drift-diode detector. The data were taken out to k = 11.4 A˚−1. The data
were analyzed using Artemis software.
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3.3 Electrical Transport
Electrical transport measurements were performed in a PPMS EverCool-II system
from Quantum Design with a magnetic field capability of 9 Tesla. The measurements
were performed on both pure and Mn doped films. Six point Hall bar devices with
well defined dimensions were patterned by photolithography process. The dimen-
sions of the devices were l × w = 1.37 × 0.50 mm as shown in Fig. 3.6. After
patterning and etching process of the films, Ag paste was used to form the electrical
leads at each corner of the 1 mm size squares. Samples were mounted on a PPMS
resistivity puck, and copper wires used to form electrical connections between the
sample and the resistivity puck. An excitation current of 1 µA was applied between
current leads in the transport measurements. Resistivity vs. temperature was mea-
sured in zero and non-zero magnetic fields. Carrier transport measurements were
performed with a minimum temperature of T = 2K. The sequences for the transport
measurements were written in the PPMS EverCool-II software. During temperature
dependent resistivity measurements, temperature was swept continuously, whereas
during field dependent measurements, magnetic field was kept in persistent mode
and the corresponding data was recorded in excel sheets.
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Figure 3.6: Dimensions of six contact Hall bar used in transport measurements. All
units are in mm.
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Chapter 4
Structural Properties of
Bi2−xMnxSe3 Thin Films Grown
Via Molecular Beam Epitaxy
4.1 Introduction
The effect of magnetic impurity doping in TIs have been the focus of several
studies in nanoribbons, thin films and single crystals [62–65]. In some cases, WAL
- WL transition is observed with the increasing doping concentration [66]. Another
interesting paper discusses the carrier type conversion in Mn doped Bi2Se3 single
crystals [67]. The goal of this chapter is to understand the structural changes in
Bi2Se3 thin films induced by Mn doping. Determining valence state of Mn via XPS,
and EXAFS, and monitoring crystallinity, roughness properties via RHEED, XRD,
XRR motivates us to discuss the structural properties of our thin films. Resistivity
and Hall effect were also discussed to obtain a relation between the structural and
electronic behavior in Mn doped Bi2Se3 thin films. Our analysis was published in an
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article by Babakiray et al. 2015, in reference [68].
We report on the structural properties of 30 QL thick Mn doped Bi2Se3 thin films
grown by molecular beam epitaxy (MBE). X-ray photoelectron spectroscopy (XPS)
data indicate that Mn is incorporated into the lattice with a valency similar to that of
MnSe (2+). Using extended x-ray absorption fine structure (EXAFS) measurements,
we show that the Mn is incorporated substitutionally into the Bi sites and that the
distance to Se nearest neighbors is significantly smaller than the Bi-Se interatomic
distance. X-ray diffraction (XRD) data indicate that a lattice expansion along the
[001] direction parallel to the growth direction, as a function of Mn concentration,
also observed in Cr-doped Bi2Se3 thin films, is accompanied by a decrease in the
lattice constant in the plane of the sample. These findings are consistent with the
EXAFS data if Mn doping weakens the van der Waals bonding between adjacent
Se planes. The changes in the carrier density and Hall mobility at low temperature
as functions of Mn concentration are consistent with the structural characterization
results, including the Mn valency.
4.2 Growth and Structural Characterization
Bi2−xMnxSe3 thin films with a thickness of 30 QL and x = 0, 0.024, 0.047, 0.063
were grown by MBE. The film surface quality was monitored in-situ using RHEED.
In-situ RHEED patterns were taken after the growth finished at Ts = 275
◦C. RHEED
data indicated an increasing disorder with Mn concentration and showed transmission
spots in the highly doped x = 0.063 sample. Although increasing Mn concentration
caused a degradation of the surface quality, streaky RHEED patterns confirmed the
formation of an epitaxial film with a relatively smooth surface (See Fig. 4.1).
AFM images of surface topography obtained from the top of the corresponding
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Figure 4.1: RHEED pattern for 30 QL Bi2−xMnxSe3 films taken prior to capping by
MgF2. Rough sample surface was observed in highly doped samples, especially for
x = 0.063 sample.
MgF2 capping layers had triangular structures for all samples which are likely related
to the underlying Bi2−xMnxSe3. AFM images of all the samples are shown in Fig.
4.2. The RMS surface roughnesses were obtained from Nanoscope software program
Nanoscope 5.31, with the values of 2.2, 2.8, 3.8, and 2.8 nm for x = 0, 0.024, 0.047 and
0.063, respectively. Figure 4.3 shows the results of the XRR measurements for all of
our samples. For the samples with higher Mn concentrations, the interface roughness
at the Bi2−xMnxSe3/MgF2 interface was larger, so in order to model this an interface
layer between the Bi2−xMnxSe3 and MgF2 layers with a scattering coherence length
equal to the average of the two materials was introduced. The fits to the data yielded
Bi2−xMnxSe3 film thickness values of 31.5, 30.7, 29.3, 28.5 ±0.2 nm with interface
layer roughness of 1.9, 4.6, 4.8, 5.2 ±0.1 nm for the x = 0, 0.024, 0.047, 0.063 samples,
respectively (Fig. 4.3 and inset). This is indicative of the increasing roughness as
a function of increasing Mn concentration. The roughness obtained from the fits
shown in Fig. 4.3 between the Bi2−xMnxSe3 and interface layer are plotted in the
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Figure 4.2: Ex-situ AFM images (2 µm × 2 µm) of the Bi2−xMnxSe3 films with
different x values.
inset to Fig. 4.3. This is another way of quantitatively characterizing the increase of
the surface roughness of the Bi2−xMnxSe3 films with increasing x. These roughness
values were consistent with the RMS roughness obtained from the AFM data.
XRD patterns for all samples are presented in Fig. 4.4a. The films were [001]-
oriented and the calculated out-of-plane hexagonal lattice parameter, c, increased
(Fig. 4.4c) while the in-plane lattice constant, a, (Fig. 4.4d) decreased with increas-
ing x. The value of c was determined from the out-of-plane (00l) peaks (hexagonal
basis) while the value of a was determined from the position of the (015) peak and
the value of c. A representative in-plane XRD scan for the x = 0.047 is shown in Fig.
4.4b for Bi2Se3 (015) reflection. Similar scans were performed for all other films. A
similar increase in c, with increasing Cr impurity concentration has been observed
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Figure 4.3: Low angle x-ray reflectivity data for the Bi2−xMnxSe3 films as a function
of momentum transfer Q. Circles are the data and solid curves are corresponding
fits. Inset: RMS roughness at the Bi2−xMnxSe3/MgF2 interface obtained from fits
to the XRR data for the samples used in this study. Curve is a guide to the eye.
in Bi2−xCrxSe3 thin films [64], where the increase in c was attributed to intercalated
Cr. As discussed in more detail below, however, intercalation of Mn in the Mn-doped
samples is unlikely because of the simultaneous decrease in a and the analysis of the
EXAFS data described below.
To investigate the structural disorder in the films, rocking curve scans of the
(00.15) peak were performed. The rocking curves are shown in Fig.4.5 and the
calculated full width at half maximum (FWHM) are indicated in the figure. Because
the rocking curve widths were larger in the Mn-doped samples in comparison to the
pure sample, we conclude that crystallographic disorder increased with increasing
Mn impurity level. Other samples grown with x > 0.063 were not epitaxial; indeed,
it was not possible to obtain RHEED or x-ray diffraction patterns for these samples
which indicated that they were amorphous or polycrystalline. This trend is consistent
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Figure 4.4: High angle XRD scan for Bi2−xMnxSe3/Al2O3 samples. The (00l) peaks
are indicated. Asterisks indicate substrate peaks. (b) In-plane azimuthal XRD
scan for x = 0.047 sample. Six reflections from the Bi2Se3 (015) peak confirms the
formation of twins. (c) Out-of-plane c-axis lattice constant as a function of x. (d)
In-plane a-axis lattice constant as a function of x.
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Figure 4.5: Rocking curves of (00.15) peak of Bi2Se3 for samples with different Mn
concentrations x. The solid curves are fits to a Gaussian peak function. The full
widths at half maximum values (δω) determined from the fits are indicated in the
figure.
with other work on Mn-doped Bi2Se3 [69] and with measurements of Bi2−xCrxSe3
thin films, where the crystalline structure quickly deteriorated with increasing Cr
doping [64].
4.2.1 XPS Results
XPS measurements were performed on a 12 QL Bi2−xMnxSe3 with x = 0.13 grown
under the same conditions as other samples. This sample was used to calibrate the
nominal doping concentrations and to determine the valency of Mn impurities. In
order to have a large signal from Mn impurities, the doping concentration was chosen
to be x = 0.13 with a sample thickness of 12 QL which preserved the single phase
of Bi2Se3. The corresponding XPS peaks of Bi-4f, Se-3d and Mn-2p are shown in
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Figure 4.6: XPS scans of Bi-4f (a), Se-3d (b) and Mn-2p (c) core levels for the 12 QL
thick x = 0.13 sample. Data were acquired after sputtering off the MgF2 capping
layer as described in the text. The magenta curves represent the fit to Gaussian
lineshapes which are shown by the red, blue, and green curves. The red and blue
curves represent the electron spectra contributions of 4f5/2 and 4f7/2 for Bi, the 3d3/2
and 3d5/2 for Se, and 2p3/2 and 2p1/2 for Mn, respectively. For Mn (c), satellite peak
contributions are also shown by the green and light blue curves. The black dots
represent data for MnSe powder reported in Ref. [70].
Fig. 4.6. The peaks arising from different transitions were fit to Gaussian lineshapes,
with the total contributions of all transitions (background subtracted) shown by the
magenta curves in Fig. 4.6. The center of the peaks (binding energies EB) and widths
of the peaks determined from the fits are shown in Table 6.2. Atomic concentrations
of Mn were calculated by comparing the area under the curves of the Bi (Fig. 4.6(a))
and Mn (Fig. 4.6(c)) signals, and the calibration of the quartz crystal monitor was
confirmed to be accurate to better than 20%. Bi 4f and Se 3d peaks were split due to
spin-orbit coupling. The Bi 4f7/2 and 4f5/2 were separated with an energy of 5.4 eV
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(Fig. 4.6(a)) while Se 3d5/2 and 3d3/2 seperation was 0.9 eV (Fig. 4.6(b)) confirming
previous results for Bi2Se3 cleaved in vacuum [71]. The shoulder arising around
EB≈ 160 eV between Bi 4f peaks is typically attributed to Se 3p3/2 [72]. Fig. 4.6(c)
shows the multiplet splitting of the Mn-2p spectrum. The red and blue curves in Fig.
4.6(c) are the contributions to the 2p3/2 and 2p1/2 peaks, while the green and light
blue curves are satellite peaks, resulting mostly from charge transfer effects between
ligand p orbitals (in this case, the Se 3p orbitals, assuming bonding with Se nearest
neighbors) and metal d orbitals (i.e., Mn 3d orbitals), which are commonly observed
in transition-metal compounds [73]. The position of the 2p3/2 peak at a binding
energy EB≈ 641.8 ±0.1 eV agrees well with the values found in the literature for
Mn2O3 (641.7 eV) and MnSe (641.8 eV). Moreover, the separation between the main
2p3/2 and 2p1/2 peaks of 11.5 eV, resulting from spin-orbit coupling in the Mn atom,
is in excellent agreement with data from Mn compounds. [70,73–75] The presence of
broad satellite peaks at EB = 645.5 and 657.3 eV is considered a reference for the
presence of Mn2+, which has been observed in MnO, [74] MnTe, [76] and MnSe, [70]
but not in Mn2O3, [75] which is a Mn
3+ compound. In Fig. 4(c), we also plot data for
MnSe powder digitized from Ref. [70] (background not removed). Our data is similar
to the MnSe data in terms of the positions of the main and satellite Mn 2p peaks.
The shoulder in the MnSe data near 640 eV likely comes from MnSe2 impurities,
since the 2p3/2 peak for MnSe2 is known to occur at 640.5 eV. [77] The position of
the Mn peak in our sample at 641.8 eV, together with an absence of a shoulder at
640.5, is strong evidence that Mn in our Bi2−xMnxSe3 is in the Mn2+ state. Other
work on XPS measurements of Cr-doped Bi2Se3 indicates that Cr impurities also
tend to be in the divalent state, in agreement with our results. [78]
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Core level EB(eV ) FWHM (eV)
Bi 4f7/2 158.1 1.8
Bi 4f5/2 163.4 1.5
Se 3d5/2 54.0 0.8
Se 3d3/2 54.9 1.0
Mn 2p3/2 641.8 2.9
(satellite) 645.5 6.2
Mn 2p1/2 653.2 2.4
(satellite) 657.3 6.6
Table 4.1: Results of XPS data with corresponding binding energies for each element
and FWHM determined from Gaussian lineshapes. The uncertainities is less than ±
0.1eV. Second peaks under Mn 2p are the corresponding satellite peaks.
4.2.2 EXAFS Analysis
EXAFS measurements were performed on the x = 0.063 sample to determine the
specific sites in the lattice where the Mn atoms are absorbed. Data were analyzed
using the Artemis software [79] to fit the first two shells, with initial geometry de-
rived from the undistorted crystal structure [80]. Fits were done on the real space
Fourier transform (FT) of the response k3χ(k), χ(R), performed in the range of 2.5
< k < 10.0 A˚ −1, as shown in Fig. 4.7. Three scenarios were considered: Mn going
substitutionally in the Bi sites, Mn going into a Se site, and Mn cluster formation.
For the Mn in the Bi site model, Se1.1 and Se2.1 refer to the Se1 and Se2 nearest
neighbors of a Bi atom, corresponding to the Se1 and Se2 sites shown in Fig. 4.7(c).
The data and the magnitude of real part of χ(R) with the best fitting results are
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represented by the curves in Fig. 4.7 with parameters shown in 4.2. We only con-
sidered the nearest Bi sites when analyzing the Mn in Se1 site. For the case of Mn
in Bi sites (red curves), the data were fit very well by including scattering from the
Se1 and Se2 sites, with an R-factor of 0.0031. Interestingly, the data indicate that
the Se nearest neighbors are much closer than if the sites were occupied by Bi. The
Mn in Se1 site fit (blue curve) was qualitatively different from the data, showing a
dip near the first-shell maximum characteristic of a Ramsauer-Townsend resonance
resulting from scattering from the heavy atoms (a similar result is obtained for sub-
stitution in the Se2 site) [81]. For the Mn cluster model, the results indicate an
anomalously low scattering amplitude (S20 = 0.18). Moreover, although the shape of
the main peak appears to be approximately correct, the structure around it is not
reproduced by this model in terms of the positions of the secondary maxima and min-
ima. This leads to an R-factor that is significantly higher than for the Mn in Bi site
model (0.051). Therefore,our results support doping into the group V element site,
in agreement with a previous EXAFS study of Mn-doped GaAs, [82] and disprove
the Mn segregation scenario. Our results are in agreement with recent EXAFS work
on Cr doped Bi2Se3 single crystals where Cr was found to substitute primarily into
the Bi sites with a significant local contraction of the Cr-Se bond (2.50 A˚) [83]. The
Mn-Se bond lengths obtained from EXAFS were shorter than those corresponding
to Bi-Se bonds in undoped Bi2Se3 (R and Re, respectively, listed in table 4.2). In
order to determine whether the bond lengths corresponding to the nearest neighbor
paths determined from EXAFS are sensible, first-principles density functional theory
(DFT) calculations were performed using the Vienna Ab-initio Simulation Package
(VASP) [84,85], which uses pseudopotentials together with the projector augmented
wave approach. Starting with undoped Bi2Se3 lattice parameters a = 4.138 A˚ and
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Figure 4.7: EXAFS Fourier transform function χ(R), of the response function k3χ(k)
near the Mn Kα absorption edge for the x = 0.063 sample in the range 1.2 A˚to 3.2
A˚. The results of the fits to the magnitude (a) and real part (b) of χ(R) are shown
the Mn atom in the Bi and Se1 sites (red and blue curves, respectively). The case
of possible metallic Mn clustering corresponds to the green curve. The unit cell
corresponding to three Bi2Se3 QLs is shown in (c). A single QL is outlined by the
blue square and the Bi and Se atomic sites, composed of layers along the (vertical)
c-axis are indicated. Note that the Se1 and Se2 sites are inequivalent. The Se2.2
sites are Se2 sites in adjacent QLs.
c = 28.64 A˚, the unit cell was relaxed to obtain the minimum energy geometry. The
forces on each of the atoms were calculated using the Hellmann-Feynman theorem,
and were subsequently used to perform a conjugate gradient structural relaxation.
The structural optimizations were continued until the forces on the atoms converged
to less than 1 meV/A˚. This optimization was completely carried through for both
undoped and doped materials. A sufficiently high-energy cutoff of 350 eV was used
in each calculation to obtain accurate results. The relaxed geometry of undoped
Bi2Se3 yielded a = 4.184 A˚ and c = 30.84 A˚.
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Figure 4.8: Unit cell used for the DFT calculations. Red spheres are Bi atoms,
magenta spheres are Se atoms corresponding to pure Bi2Se3, green spheres are Se
atoms corresponding to Bi2−xMnxSe3, and the blue sphere is a Mn atom. The doped
and undoped structures are superimposed to show the difference between them. (b)
Perspective along the [001] direction (c-axis) of the quintuple layer containing the
Mn impurity. Visualization rendered using the VESTA software package [86].
The calculated distance between first nearest Se-Bi neighbors was 2.88 A˚ and
3.00 A˚, which are within 3% of the experimental values determined for single crys-
tals of 2.85 A˚ and 3.07 A˚, respectively [80]. The reason that the calculated lattice
parameter disagreed significantly along the c-axis is the difficulty of the theory in
calculating the Van der Waals interaction between adjacent Se-Se planes, but other-
wise the bond length calculations were quite similar to our experimental observation.
For the case of the Mn-doped system, we used a 2 x 2 x 1 super-cell and replaced one
out of 24 Bi atoms by a Mn atom, as shown in Fig. 4.8a, corresponding to x = 0.084.
The lattice constants obtained for the Mn-doped structure were a = 4.173 A˚ and
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Site R-factor Path N σ2 (A˚2) S20 R (A˚) Re (A˚)
Bi 0.0031 Se2.1 3 0.013 ±0.007 0.9 ±0.2 2.66 ±0.03 2.851
Se1.1 3 0.013 ±0.006 0.9 ±0.2 2.78 ±0.03 3.075
Se1 0.53 Bi 6 0.025 0.1 ±0.2 2.44 ±0.03 3.074
Mn Cluster 0.051 Mn 12 0.008 ±0.003 0.18 ±0.05 2.80 ±0.02 2.752
Table 4.2: Results of fits to EXAFS data for 1.2A˚ < R < 3.2A˚ . For the Mn in Bi
site, only nearest Se atoms at Se2 and Se1sites were considered, while for the Mn in
Se1 site, only the nearest Bi sites were taken into account. The parameters S20 and
R are the amplitudes and shell distances obtained from the fits, while N and Re are
the expected degeneracy for each shell (number of atoms) and bond distances for
the Bi2Se3 structure, [80] respectively (not fitting parameters). For the Mn cluster
model, the shortest bond distance for the a-Mn structure is listed. [89] The Debye-
Waller scattering factor σ2 was a fitting parameter for the fits using the Mn in Bi
and Mn cluster models. The number of equivalent scatterers N was left as a fixed
value during the fitting process. Uncertainties are as reported by Artemis.
c = 30.89 A˚. Our calculations indicated that the Bi-Se bond lengths were 2.68 A˚ and
2.75 A˚, as shown in Fig. 4.8b, which agree well with the values of 2.66 A˚ and 2.78 A˚
determined from EXAFS data (Table 4.2). These results were also consistent with
recent DFT calculations of the structure of Mn and other transition metal impurities
near the surface of Bi2Se3, which found bond lengths of 2.60 A˚ and 2.70 A˚ for Mn
in Bi sites just below the surface [87]. Those same calculations determined that the
energies of other configurations, including interstitial sites for Mn, are energetically
unfavorable, and moreover, the calculated bond lengths from these other configura-
tions were significantly different from the EXAFS values. Finally, the EXAFS results
are also consistent with Mn-Se bond lengths in MnSe and MnSe2 (2.71 A˚ and 2.73
A˚, respectively) [88], thus providing additional evidence that, in our samples, the
Mn atoms are predominantly incorporated substitutionally into the Bi sites.
In a similar study with Cu doped Bi2Se3 single crystals [90], it was shown that
Cu can be either substituted into Bi sites or in the Van der Waals gap between
two Se layers. Intercalation scenario can lead to superconductivity in these single
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crystals. Morevoer, it has been reported that Cu can also be absorbed into inter-
stitial or intercalated sites in the Bi2Se3 lattice [91]. In the case of Cr doping, it
has been claimed that the intercalation of Cr was consistent with the expansion of
out of plane lattice parameter [64]. We also observed an increase in the c lattice
parameter which accompanied with a decrease in the in plane alattice constant as
shown in figure 4.4b,c. The volume of the unit cell was approximately constant with
Mn concentration. Both XRD and EXAFS data implied the Mn substitutes for Bi
and the increase in the out of plane lattice constant is not a result of intercalation
scenario. We claim that the reason for the expansion of c lattice parameter may be
the weakening of Van der Waals interaction between the quintuple layers.
Our DFT calculations performed by Kartick Tarafder [92], gave the correct qual-
itative trend for the changes in lattice parameters. The experimental data for the
sample x = 0.063 showed an increase of 0.6% of c lattice constant with a decrease
of 0.7% for the a lattice constant. On the other hand, DFT calculations yielded an
expansion of 0.2% for out plane and 0.3% contraction for the in plane lattice param-
eters. The disagreement in numbers maybe due to the difficulty of calculating Van
der Waals interaction by using ab-initio methods. We conclude that the the changes
in lattice parameters and the EXAFS data with DFT calculations are consistent with
Mn substitution for Bi in Bi2Se3 lattice.
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4.3 Electrical Characterization
Figure 4.9: (a) Temperature dependence of longitudinal resistivities. (b) Hall re-
sistivity data at T = 2K for different Mn concentrations as a function of magnetic
field. (c) Charge carrier density nH and (d) mobility µ as functions of Mn-doping
concentration.
The longitudinal film resistivity ρxx was measured as a function of temperature
in zero field as shown in Fig. 4.9(a). The resistivity of the film with x = 0.063 was
approximately an order of magnitude larger than the resistivity of the undoped sam-
ple, as expected from the increased scattering from magnetic Mn impurities and a
larger density of structural defects. Temperature dependences had a strong metallic
character for all samples at high temperatures. At temperatures below 15 K, how-
ever, the resistivity of all samples increased as the temperature was lowered. Similar
findings have been reported [93] for Bi2Se3 films with thickness t ≤ 10 QL, which
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have been explained by the Altshuler-Aronov-Lee (AAL) mechanism [94] where weak
disorder results in a non-local effective enhanced electron-electron interaction. Car-
rier densities, nH , were calculated from the linear slopes of the corresponding Hall
resistivities measured at T = 2 K which are shown in Fig. 4.9b. All samples had
n-type carriers and the bulk charge carrier density decreased with increasing Mn
concentration, as shown in Fig. 4.9c. This indicates that the Mn impurities acted
as acceptors that compensated the bulk carriers. This compensation could occur
if the valence of Mn was 2+ instead of 3+, which is consistent with the structural
data discussed above. The mobilities were calculated using the standard equation
µ =(eρxxnH)
−1, where e is the charge of the electron. The decrease in mobility with
increasing Mn-doping, shown in Fig.4.9d, is due to the increased electron scattering
from defects. It is important to note that the decrease in the number of carriers
with increasing Mn concentration is modest (a factor of three) and much lower than
expected if all of the Mn sites acted as acceptors. However, the structural data indi-
cate that incorporation of Mn also adds structural defects, possibly grain boundaries
and/or Se vacancies, for example. These structural defects could have the opposite
effect, adding carriers to the conduction band at the same time that the Mn sites
act as acceptors. Alternatively, increasing Mn concentration can change the width of
charge depletion layer in the bulk and may result in a non-linear decrease in carrier
density. The detailed discussion for the changes observed in the carrier density in
pure and Mn doped samples will be presented in the next chapter.
4.4 Conclusions
Bi2−xMnxSe3 thin films were grown using molecular beam epitaxy and their struc-
ture was systematically investigated using x-ray diffraction, x-ray reflectivity, XPS,
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and EXAFS. The structural quality of the samples was maintained for 30 QL thick
samples with x ≤ 0.063. It was verified that the Mn atoms were incorporated sub-
stitutionally into the Bi sites with a Mn2+ valence using XPS, EXAFS, and DFT
calculations. No evidence of intercalated incorporation of Mn was found, unlike Cu
doped Bi2Se3, where both intercalation and substitutional incorporations have been
identified. The behavior of the electrical resistivity and mobility as a function of
temperature was consistent with Mn impurities acting as acceptors for Mn substitu-
tion in Bi sites. Structural defects created by Mn incorporation result in additional
donors that mitigate the compensation effects due to Mn2+ acceptors.
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Chapter 5
Single vs. Three Channel HLN
Model for Bi2−xMnxSe3 Thin Films
5.1 Introduction
The electrons residing on the surface of a TI theoretically should have nearly
dissipation-less transport despite the presence of non magnetic impurities. Due to the
metallic surface states, TIs are accepted as potential candidates for room temperature
spintronics and quantum computing applications. Therefore, it is crucial to study
the electronic behavior and the transport properties in topological insulators. The
interpretation of the magnetotransport measurements on TIs is rather challenging
due to the intrinsic defects that form during the growth of the material. These defects
have donor characteristics and results in conducting bulk states. The main challenge
in experiments is to separate the conductivity of the bulk and surface channels.
There are several different approaches to this problem; doping with an acceptor to
compensate the donor type defects [68, 95], mixing the different layers of Sb and Te
in (BixSb1−x)2Te3 [96] and (Bi1−xSbx)2Te3 [97], and decreasing the film thickness to
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maximize the surface to volume ratio. MBE growth yields a high crystalline quality
and fine control of quintuple layer thickness in the case of TI thin films and nano
structures.
Here the electrical transport properties for a series of pure Bi2Se3 and Mn doped
Bi2−xMnxSe3 thin films grown by MBE are discussed. The Bi2Se3 film thickness was
kept in 6 - 50 QL range and the Bi2−xMnxSe3 layer thickness was fixed to 12 QL
with Mn doping ratio, x was varied in range 0 ≤ x ≤ 0.2. Hall effect measurements
indicated a decrease in carrier density and an increase in mobility as a function of
increasing film thickness for pure samples. Hall effect measurements of the Mn doped
samples indicated an increase in the carrier density with Mn doping and a large de-
crease in mobility due to the scattering from magnetic impurities. It is important
to note that the change in the carrier density in Mn doped samples depended on
the relative competition between Mn2+ acceptors and the changes in the density of
donor defects such as Se vacancies (double donor), Se antisites (SeBi) and Bi anti-
sites (BiSe) forming during the Mn addition [98]. The low temperature behavior of
resistance indicated that the logarithmic increase is due to enhanced electron elec-
tron interaction (EEI) in the pure samples and a combination of EEI and Kondo
anomaly in Mn doped samples. 2D magnetoconductance was studied in perpendic-
ular magnetic field by using simplified HLN model with two fitting parameters; α
and phase coherence length (Lφ). The fitting parameter α ≈ −0.5 interpreted as a
single channel in all of the pure and lowly-doped samples. In samples with high Mn
concentration α→ 0, as expected when magnetic scattering is strong. The generally
accepted version of this simplified HLN model does not distinguish the surface from
bulk channels independently. The fitting parameter α is used to estimate the number
of independent channels in the samples. On the other hand, the concept of phase
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Figure 5.1: (a) X-ray diffraction data for the pure samples in range 6-50 QL. The
(003) family of peaks is indicated in the figure. Asterisks represent the reflections
from the Al2O3 substrate. (b) X-ray diffraction spectra for 12 QL Bi2−xMnxSe3
samples. All the films are oriented in c-axis, out of plane with absence of secondary
phases. The absence of Bragg peaks in the sample with x = 0.182 indicates the
amorphous nature of this film.
coherence length is more ambiguous than the parameter α. It does not give any
information on relative phase coherence lengths for the surface and bulk channels,
even for the case where two channel dominates transport (α = 1). In order to address
all of these concerns, we will discuss the HLN model with a single vs. three channel
formulation of perpendicular magnetoconductance.
5.2 Growth and Structural Characterization
Thin films of Bi2Se3 with a thickness of 6-50 QL and Bi2−xMnxSe3 with a thick-
ness of 12 QL with x = 0, 0.013, 0.026, 0.078, 0.131, 0.182 were grown via MBE as
described in Chapter 4. The surface of the films was monitored in-situ with RHEED.
The sample thickness and the Mn concentration were calibrated by a quartz crys-
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Figure 5.2: (a) X-ray reflectivity data for the 12 QL Bi2−xMnxSe3 thin films.
The solid red lines are the fits to the data. (b) Roughness as a function of x in
Bi2−xMnxSe3 thin films.
tal microbalance (QCM). X-ray diffraction (XRD) measurements indicated that all
of the films were single phase and oriented out of plane along the [001] hexagonal
direction as shown in Fig. 5.1.
X-ray reflectivity (XRR) data and the corresponding fits were used to confirm
the thicknesses with an uncertainty of 5%. The roughness values obtained via fitting
XRR data indicated a roughness of less than 1 QL in pure samples. Figure 5.2
represents the XRR data and the corresponding fits for the 12 QL Mn doped samples
as a function of Mn doping concentration. In order to detect the first Bragg peak
(003), the scan range was restricted to 0.2◦ ≤ 2θ ≤ 10◦. The increasing disorder
resulted in an increase in the RMS roughness values as shown in Fig. 5.2b. The
highly doped sample with x = 0.182 did not show the (003) Bragg peak similar to
the high angle XRD measurements and is therefore probably amorphous (Fig. 5.1b).
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Figure 5.3: (a) Hall resistivity vs. magnetic field for three representative samples
with a thickness of 10, 20 and 30 QLs. Red lines represent the linear fits to the data.
(b) Volume carrier density, nH vs. thickness in QL. (c) Mobility, µ vs. Bi2Se3 slab
thickness.
5.3 Carrier Density and Hall Mobility
The Hall effect measurements were performed at T = 2 K in a magnetic field of
9 Tesla, which was applied perpendicular to the film surface. Bulk carrier densities
were extracted from the linear slopes of Hall resistivity data. Figure 5.3a shows a
typical Hall measurement data for three representative samples with thickness of 10,
20 and 30 QLs. Satisfactory linear fits to the Hall resistivity were obtained which
indicated that major charge carriers were electrons. The same analysis was done for
all of the other samples which yielded linear Hall resistivity similar to the data shown
in Fig. 5.3a. The mobility were calculated using the equation µ =(eρxxnH)
−1. The
carrier density (Fig. 5.3b) and mobility (Fig. 5.3c) as a function of pure Bi2Se3 slab
thickness were calculated from these measurements. In an ideal topological insulator
the bulk is insulating, but in experiments this is extremely difficult to achieve due
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to native defects in Bi2Se3. If the bulk of the film is insulating, then there should
be no change in the mobility and the carrier density as a function of thickness since
the transport would be entirely due to the surface states. This situation would
be different for thin films with a thickness t ≤ 6 QL where quantum tunneling
between top and bottom TI surface states destroys the topological protection. For
most of our Bi2Se3 films, this was not a concern since the thickness was larger than
6 QL. The increase in mobility and a decrease in carrier density as a function of
thickness implies that the transport was increasingly dominated by the bulk states
with increasing thickness [99]. Bulk carrier density in Bi2Se3 mainly originates from
the donor type defects such as selenium vacancies (VSe), Se antisite (SeBi), and Bi
antisite (BiSe) defects. Se vacancies are thermodynamically the most stable defects
in Bi2Se3 crystal structure and the number of Se vacancies may increase with the
decreasing film thickness [99]. Also, the diffusion of these donors over time may
change the value of free carrier density in the material. The decreasing carrier density
with increasing film thickness may indicate that the donor type defects are more in
the thinner films [99]. However, our RHEED, XRD and XRR data shows that the
number of defects and disorder level decreases in thinner films for our samples [100],
which is contradictory to the increasing carrier density in thinner films, if defects
were considered as the only mechanism for this behavior. Therefore, the increase
in the carrier density with decreasing Bi2Se3 film thickness can not be explained
by Se vacancies or donor defects (Fig. 5.3b). The increase in carrier density in the
thinnest films results from the fact that the transport is more surface sensitive as film
thickness is reduced and the high density of surface states becomes more important.
The 12 QL Mn doped Bi2−xMnxSe3 films showed a nonmonotonic behavior in car-
rier density with increasing x and extremely low mobilities in highly doped samples
73
5.3. CARRIER DENSITY AND HALL MOBILITY
(Fig. 5.4c and Fig. 5.4d). The temperature dependence of resistivity was measured
in the range of 2K ≤ T ≤ 300K and revealed metallic behavior at high temperatures
as shown in Fig. 5.4a. Similar high temperature behavior in resistivity was observed
in all of our thin films, including pure Bi2Se3, which can be attributed to the large
number of native defects in Bi2Se3. The absolute value of resistivity increased with
increasing Mn concentration due to increased scattering from magnetic impurities
and enhanced disorder.
Figure 5.4: a) Resistivity vs. Temperature for different x in Bi2−xMnxSe3 (b) Hall
resistivity as a function of magnetic field at T = 2 K (c) 3D-bulk charge carrier
density, nH vs. x (d) Mobility µ as a function of x in Bi2−xMnxSe3 .
Another important finding from the resistivity measurements is a partial Kondo
contribution with increasing Mn concentration. The temperature at which the re-
sistivity reaches a minimum shifts to higher temperatures with Mn impurity level
(Inset to Fig. 5.4a). This type of behavior in resistivity minimum is expected from
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the Kondo anomaly. As a result of the Kondo effect, at sufficiently low temperatures,
conduction electrons are screened by magnetic impurities and results in a logarithmic
contribution to the resistivity [101].
The Hall effect was measured in the same way as reported for the pure films
(Fig. 5.3a). The Hall effect data for Mn doped 12 QL Bi2−xMnxSe3 is shown in Fig.
5.4b. N-type conductivity with the electron carriers dominated the transport (Fig.
5.4b). A nonmonotonic behavior as a function of x was observed in carrier density
(Fig. 5.4c) and mobility (Fig. 5.4d) as shown above. The nonmonotonic feature in
carrier density and mobility can be understood by the formation of depletion layer
which occurs as a result of the changes in charge redistribution with film thickness.
As the film thickness is reduced, the band structure is distorted due to space-charge
accumulation and a charge depletion layer is formed with a finite width, zd [102]. The
width of this depletion layer can be estimated via Poisson equation, z2d = κ0∆V/enH ,
where κ is the dielectric constant of the material, ∆V is the energy difference between
surface and bulk states, and nH is the carrier density. It is clear that the depletion
width, zd, is inversely proportional to the carrier density, nH . The critical thickness
where the sum of two depletion widths (from top and bottom surfaces) become
comparable to the film thickness occurs around 12 QL with a typical carrier density
of 2.5 ×1019 cm−3 [103]. Quantitatively, for a 12 QL Bi2Se3 film, depletion width
is 6.5 nm for each surface, making a total of 13 nm for the whole film. On the
other hand, Mn doping causes a partial carrier compensation in Bi2−xMnxSe3 thin
films, indicating that the depletion width increases in doped samples. Increasing
Mn concentration causes an enhancement in the depletion width and redistributes
charges towards the surfaces. As a result of charge redistribution towards surfaces
due to Coulomb repulsion, carrier density increases in 12 QL Mn doped films. On the
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other hand, for 30 QL thick Bi2−xMnxSe3 thin films, the carrier density decreases
as a function of x (see Fig. 4.9c in chapter 4). It must be recalled that Mn2+ is
acceptor and causes an increase in the depletion width regardless of the film thickness.
Therefore, for 30 QL Bi2−xMnxSe3 thin films, the depletion width is also enhanced
by Mn but the total depletion width is probably smaller than the film thickness and
the contribution from surface states is not pronounced. This results in an overall
decrease in carrier density for thicker films which saturates when Mn concentration
reaches, x = 0.064 in 30 QL Bi2−xMnxSe3 . This picture is consistent with the general
interpretation of Hall carrier density, nH , where nH = nb(1 − cx) + ns(1 + bx)/d is
the total carrier density measured in a Hall experiment. In above formula, d is
the film thickness, x is the Mn concentration, nb, and ns are the volume and sheet
carrier densities, and b and c are arbitrary constants. The charge migration towards
surfaces decreases the value of the bulk carrier density, while it increases the sheet
carrier density. It must be mentioned that the second term, ns(1 + bx)/d, in above
formula becomes dominant as the film thickness is reduced. Therefore, the effect of
Mn on carrier density depends on the charge migration towards the surfaces and the
depletion width which determines the value of bulk carrier density (nb) and sheet
carrier density (ns) in Bi2−xMnxSe3 samples. Moreover, the mobility decreases due
to increased scattering from defects and because of an increase in the number of
magnetic impurities in the depletion layer or near the surface, which tends to kill the
weak antilocalization. In order to have a complete understanding of carrier dynamics
in Mn doped samples, more measurements need to be done in the future.
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5.4 Single Channel HLN Fit Results for 12 QL
Bi2−xMnxSe3 Thin Films
5.4.1 α and Number of Channels
Low field magnetoconductance was studied at low fields with two fitting param-
eters, α and Lφ. In the low field regime, the correction to the magnetoconductance
∆σ(B) = σ(B) − σ(0) was fitted with the Hikami-Larkin-Nagaoka (HLN) formula
∆σ⊥(B) = α e
2
2pi2~
[
ψ
(
~
4eL2φB
+ 1
2
)
− ln
(
~
4eL2φB
)]
, where α is a preconstant, Bφ is the
dephasing field related to phase coherence length with Lφ, via Bφ = ~/(4eL2φ), and
finally ψ is the digamma function. Since the 2D surface of a 3D TI belongs to a
symplectic class, the expected values for α are; α = −0.5 for one and α = −1 for
two decoupled channels. However, surface and the bulk states can be regarded as
independent conducting channels as long as electrons keep their coherence before
scattering in and out of another channel. In this case, WAL will be dominated by
the time reversed loops of all channels independently and each channel will bring a
-0.5 contribution to the prefactor α. Therefore, the additive nature of preconstant α
directly depends on the competition between the surface-to-bulk coupling (τ sb) and
the phase coherence time (τφ). If τsb > τφ, then each channel will carry a Berry phase
of pi and contribute to WAL with a prefactor of α = −0.5. On the other hand, if
τφ > τsb charge carriers scatter between surface and bulk states and form an effective
single channel.
There are several different interpretations for α = −0.5. The first possibility is
that the contribution is mainly coming from the top surface of TI, and not from
the bulk state or from the bottom surface. A second possibility is that contribution
from the surface states is negligible and the bulk acts as a 2D metallic channel. A
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third possibility is that the surface states contribute and couple to the metallic bulk
states, and therefore the entire sample acts as a single 2D conducting channel. The
first scenario assumes an insulating bulk and negligible conductivity from the bottom
surface. A negligible bottom surface contribution could be explained by the lattice
mismatch between the film and substrate which may cause Lφ significantly reduced at
the bottom surface [104]. However, this scenario is not consistent with the robustness
of TI surface states. Also, the assumption of a completely insulating bulk states
which is not realistic, considering the fact that the TIs have high level of intrinsic
defects that causes the Fermi level positioning well above the bulk conduction band
minimum. In the second possibility, the bulk is treated as completely metallic with
no contribution from the surfaces. In this case, the mobility and phase coherence
length must scale linearly with increasing thickness if the growth parameters for all
samples are the same. Our data do not support this hypothesis. The last and most
accepted interpretation is that there is a coherently coupled surface to bulk single
effective channel responsible for the WAL behavior of magnetoconductance. In this
case, due to the presence of extended bulk states at or near the Fermi level, the surface
electrons scatter in and out of bulk states. As a result, all conducting channels are
intertwined and act as a single channel. However, this widely accepted interpretation
fails to explain the deviations in the values of α, which have been reported in the
range of 0.38 < −α < 1, and it does not give any information on the nature of phase
coherence length. In the next section we discuss how three independent channels can
explain the data.
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5.4.2 Phase Coherence Length and α Coefficient
We carried out detailed analysis of the transport properties of 12 QL Mn doped
Bi2Se3 thin films. Figure 5.5 demonstrates the HLN formula fits to the low field
magnetoconductance with the corresponding fit parameters. The correction to the
magnetoconductance is plotted in Fig. 5.5a. In the Mn doped samples, the shape of
magnetoconductance is different from what is observed for the pure Bi2Se3 film (Fig.
5.5a). Changes in the shape of magnetoconductance in Mn doped samples result
from the scattering of magnetic impurities. As x increases, there is an extra phase
contribution to the phase of the electron wave functions and the Berry phase is not
equal to pi anymore. It is very interesting to mention that our lowly-doped sample
also brings a prefactor α ≈ −0.62 as demonstrated in the Fig. 5.5(b). This value
is almost identical to the undoped sample. Our observation naturally brings the
question of whether the robustness of Dirac surface states might still be realized in
the doped samples with very few magnetic impurities. In this respect, the evolution
of α with x suggests three separate regions to analyze. The pure sample showed
a partial coupling to a second channel by α = −0.63, which was also observed in
lowly-doped sample with α = −0.62. This is the region where the strong spin orbit
scattering dominates the transport (Fig. 5.5b). The second region is the intermediate
doping regime where x = 0.026 and α = −0.84, indicating a strong decoupling of two
surfaces. This is consistent with another magnetic impurity doped system, Cu-doped
Bi2Se3, where a very small Cu doping yields the same result with the undoped sample.
Similar to our data, decoupling of two surfaces was also observed in the intermediate
doping region for the case of Cu-doped Bi2Se3 films [91]. The last region is where the
magnetic scattering dominated over the spin orbit scattering and resulted in a change
in the shape of magnetoconductance (Fig. 5.5a). In this region, HLN formula fits
79
5.4. SINGLE CHANNEL HLN FIT RESULTS FOR 12 QL BI2−XMNXSE3 THIN
FILMS
Figure 5.5: (a) HLN formula fits to magnetoconductance at low fields for Mn doped
Bi2−xMnxSe3 films with different x values. Solid lines represent the fits to the 2D
magnetoconductance at low fields. (b) The coefficient α vs. x. Three different
regimes in the data are: single channel WAL with α ≈ −0.5 in pure and low-doped
sample, a slow crossover to two decoupled channels in the intermediate doping region
and finally a region where magnetic scattering dominates as x increases significantly
which results in α ≈ 0.0 (c) Phase coherence length Lφ vs. x, shows a large decrease
in Lφ with increasing Mn concentration. The values are extracted from HLN formula
fits to the magnetoconductance at T = 2 K.
gave α ≈ 0 (Fig. 5.5b). In addition, our magnetoconductance measurements did not
show a clear transition between WAL - WL characterized in the sign of α . In such
a case, a change in the shape of magnetoconductance is observed in low magnetic
fields and preconstant α flips sign. Despite a breakdown of WAL was observed
in highly-doped samples, there was no transition to WL, possibly due to the high
quality of our films. The crossover between WAL - WL effect is characterized by
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the the competition of two time scales; short range inter-valley scattering (τ iv) and
phase coherence times (τφ) in graphene [105]. The same effect is attributed to the
competition between phase coherence (τφ) and spin flip scattering times (τ so) in ultra
thin films of Bi2Se3 [106]. In magnetically doped TIs, the transition WAL - WL, and
negative magnetoresistance can be attributed to the relative ratio of TRS breaking
gap (∆) to the Fermi energy (Ef ) [23]. The absence of WAL - WL transition in
our samples suggests a small value for the ratio, ∆/Ef for Mn doped Bi2−xMnxSe3
samples.
5.4.3 Temperature Dependence of α and Channel Separa-
tion
The temperature dependence of magnetoconductance includes valuable informa-
tion about the scattering mechanism in topological insulators. The shape of the
curves is defined by the scattering mechanism which is related to the coherence
length and to the number of conducting channels in the system. For each surface
band, where momentum is locked to the spin degree of freedom, all time reversed
paths around a closed trajectory acquire a pi-Berry phase and brings a α = −0.5 pref-
actor. In addition to the surface states, the bulk also shows WAL as it is a weakly
disordered quasi-2D channel. As a result, both surface and the bulk states can con-
tribute to the prefactor α. The values of prefactor α in the range of−0.39 < α < −1.1
were reported in literature. These values suggest that one or two channels contribute
to the WAL behavior even though some bulk carrier channels may co-exist with the
surface channels. By fitting the temperature dependence of magnetoconductance
curves with HLN formula, we systematically investigated the relation between WAL
effect and the scattering mechanism in TIs. The values for α at T = 2K were dis-
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Figure 5.6: Temperature evolution of α for different x in Bi2−xMnxSe3 films. The
channels are partially separated from each other with increasing Mn impurity level.
Note that highly-doped sample, x = 0.131 does not show any WAL at high temper-
atures and therefore is not included in this figure.
cussed previously (Fig. 5.5b) in three separate regions for different x values. The
temperature dependence of α were extracted for Mn doped samples which are shown
in Fig. 5.6. The data clearly shows an increasing trend in the channel separation
with increasing Mn concentration in the temperature range of T ≤ 10K as shown
in Fig. 5.6. The presence of Mn impurities lowers the scattering rates of charge
carriers from surface to bulk channel and increases the ratio τsb/τφ (Fig. 5.6). As
a result, an overall increase in α was observed for all of the Mn doped samples in
the temperature range of T ≤ 10K. At T > 10K, electron-phonon scattering caused
a channel mixing and decreased the value of α for Mn doped films. For pure film,
increasing electron electron interaction (EEI) with increasing temperature caused a
rapid channel mixing in the temperature range of T ≤ 20K.
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5.4.4 Temperature Dependence of Lφ and Decay Mechanism
The phase coherence length is another fitting parameter in the HLN formulation
of magnetoconductance and it usually decreases with increasing temperature. The
decrease in the phase coherence length is due to electron- electron scattering below
20 K. In order to explain the phase relaxation mechanism in WAL, we systemati-
cally investigated the dependence of phase coherence length for our pure and Mn
doped samples. For electron-phonon (e-ph) scattering, the relation between phase
coherence length and temperature is given as, Lφ ≈ T−1 for electron-transverse
phonon, and similarly Lφ ≈ T−1.5 for electron-longitudinal phonon interactions [107].
Another mechanism consists of electron electron (e-e) collisions with small energy
transfers [25]. For the e-e dominated scattering, the temperature dependence must
yield the relations Lφ ≈ T−0.25 , Lφ ≈ T−0.5 and Lφ ≈ T−0.75 in 1D, 2D, and 3D
respectively. Our first observation for the Mn doped samples yields a lower phase co-
herence length than the pure sample. This is due to the increase in disorder/crystal
defects and imperfections formed with Mn doping. Despite the satisfactory power
law fits, dephasing in Mn doped samples can not be explained by a simple e-e or
e-ph scattering (Fig. 5.7). As Mn doping increases, the phase coherence length de-
cays at a slower rate and the power law decreases. In the x = 0.078 sample, the
power law coefficient coincides with the prediction of 1D e-e scattering theory, with
Lφ ≈ T−0.25. However, this is incorrect because the dimensions of our devices rule
out this possibility since L >> Lφ and W >> Lφ with L/W = 2.74. Temperature
dependence of phase coherence length (Fig. 5.7) suggests that the dephasing can
not be explained by only e-e scattering in the case of Mn doped thin films. It is
not surprising to see that the low temperature region where e-e scattering dominates
coincides with the region where one expects to see a correction to resistance in the
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Figure 5.7: Temperature evolution of Lφ for Bi2−xMnxSe3 films. The coefficient
“p” in Lφ vs T
−p decreases rapidly with increasing x, Mn concentration. Red lines
represents power law fits to the phase coherence lengths. Power law relations are
labeled in each graph (a)-(d), for x = 0, 0.013, 0.026, 0.078 respectively. Note that
highly-doped sample, x = 0.131 does not show any WAL at high temperatures and
therefore is not included in this figure.
form of Kondo effect. Therefore, the Kondo effect as a possible contribution related
to the scattering from magnetic impurities can not be ruled out. In fact, the power
law coefficient decreases with increasing Mn concentration which clearly indicates
scattering by randomly distributed local moments. We also detected a breakdown
of WAL effect with increasing Mn as spin scattering also suppresses the quantum
interference. In conclusion, temperature dependence of phase coherence length in
Mn doped samples suggests that the dominant dephasing mechanism can not be
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explained by e-e or e-ph interaction and it mainly stems from scattering by local
moments.
5.5 Three Channel HLN Fit Results for 12 QL
Bi2−xMnxSe3 Thin Films
After analyzing the transport with single channel HLN model, we will analyze
the same data for 12 QL Bi2−xMnxSe3 thin films with a three channel-modified HLN
formula at T = 2 K. The three channels are: top surface, bulk channel, and bottom
surface and all of them are two dimensional at low temperatures. The modified HLN
formula can be written as
∆σ⊥(B) =
3∑
i=1
αi
e2
2pi2~
[
ψ
(
~
4eLφ2iB
+
1
2
)
− ln
(
~
4eLφ2iB
)]
(5.1)
where αi is a constant equal to -0.5 for each 2D channel, ψ is the digamma function
and Lφi is the phase coherence length. Two surface states were fixed to have similar
conductance contributions to total conductance with a prefactor α1 (top surface)
= α3 (bottom surface) = -0.5 each, for a total of αs = −1.0. The bulk channel
has a prefactor of α2 = −0.5. There are only two fitting parameters in Eq.(5.1):
the bulk phase coherence length (Lφb) and the total surface phase coherence length
(Lφs). The magnetoconductance data at T = 2 K are shown in Fig. 5.8. The shape
of the WAL feature smeared out for the Mn doping range of x ≥ 0.026, thus it
puts a limit for the surface contribution to the transport. Interestingly, from the fit
results to the three-channel HLN formula, we obtained Lφs ≈ 0 for the samples with
x = 0.078 and x = 0.131 confirming the validity of our model (Fig. 5.8b). The pure
and low-doped samples yielded almost a constant surface phase coherence length
85
5.5. THREE CHANNEL HLN FIT RESULTS FOR 12 QL BI2−XMNXSE3 THIN
FILMS
Figure 5.8: (a) Magnetoconductance (MC) data and HLN formula fits for 12 QL
Bi2−xMnxSe3 films at T = 2 K. Solid lines represent the fits to the three channel
HLN equation. Red line is a fit performed on the pure sample’s MC data with
only bulk channel, which is not satisfactory. Note: The shape of the MC curvature
starts to change at x = 0.026 sample indicating the bulk starts to dominate the
transport completely above this concentration. (b) Coherence lengths Lφb and Lφs
vs. x. Green line indicates a constant value of Lφs ≈ 37 nm in pure and lowly-doped
samples.
indicating that the surface states are robust against small doping concentrations.
On average, Lφs ≈ 37 nm consistent with our other samples. Bulk phase coherence
length (Lφb) decreased with increasing Mn concentration due to increasing scattering
from magnetic impurities (Fig. 5.8b).
We also tried to fit the pure sample’s MC data with only a bulk contribution
by fixing the surface contribution to zero (αs = 0.0). Figure 5.8a (red solid line)
shows the corresponding fit, and suggests that there is more than single channel
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in the transport, which is consistent with the existence of independent conducting
channels.
5.6 Conclusions
A simplified, single channel HLN model was used to compare the contributions
of bulk and surface states to the transport. The single channel HLN model revealed
that surface and bulk conducting channels were mixed and acted as single entity
in pure and minimally doped samples. A channel separation in the intermediate
doping regime was observed. Increasing Mn concentration yielded very small phase
coherence lengths for highly-doped samples at T = 2 K. Despite the single channel
model capturing the correct behavior of a decreasing phase coherence length with
increasing Mn doping, it failed to explain the contribution coming from bulk and
surface states independently. On the other hand, the contributions coming from the
bulk and surface channels to the transport were obtained independently, by using
a three-channel HLN model. In the low doping regime, surface phase coherence
length (Lφs) was not affected, until the Mn concentration reached to x = 0.078 in
Bi2−xMnxSe3. We extracted an average of Lφs ≈ 37 nm, which was almost constant
for pure and lowly-doped samples. Due to the increasing scattering from Mn impuri-
ties, bulk phase coherence length (Lφb) decreased as a function of Mn concentration.
Our modified HLN formula for three independent channels gave satisfactory fits and
captured the transport properties of both pure and Mn doped samples discussed
in this chapter. A more extended discussion on this modified HLN model will be
given by combining it with the Altshuler-Aronov formalism of parallel transport and
electron electron interaction (EEI) in the next chapter.
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Chapter 6
Low Temperature Transport
Properties of Bi2Se3 Thin Films
6.1 Introduction
The surface and bulk electronic transport properties of topological insulator
Bi2Se3 thin films in parallel and perpendicular magnetic fields. Bi2Se3 thin films with
nominal thickness values of 12, 16, 20 and 25 quintuple layers (QLs) were grown by
molecular beam epitaxy (MBE). Structural data indicated a slight increase in the dis-
order with increasing film thickness, but overall the samples were highly crystalline.
Weak antilocalization (WAL) was observed in magnetoconductance measurements
with the magnetic field applied parallel to the samples’ surface and at temperatures
between 2K and 20K, which indicated a significant contribution to the transport
from the bulk states. Large phase coherence lengths with the field applied both per-
pendicular and parallel to the surface confirmed the diffusive nature of the transport.
Quantitatively, the phase coherence lengths (Lφ) obtained from the Altshuler-Aronov
and Hikami-Larkin-Nagaoka mechanisms were an order of magnitude larger than the
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film thickness (d) for all of the samples (Lφ >> d). The dephasing mechanism was
determined from the temperature evolution of phase coherence length and indicated
electron-electron scattering as the main contribution to the dephasing mechanism
below 20K. Parallel magnetoconductance and the corresponding bulk phase coher-
ence lengths were used to estimate the contribution of bulk and surface states in the
perpendicular transport. Temperature dependence of conductivity was dominated
by electron electron interaction (EEI) at low temperatures. We observed an increase
in Coulomb screening parameter, F˜ in the bulk channel with increasing film thickness
which indicated that the effective EEI is strongest in the thinnest films.
6.2 Sample Preparation and Experimental Meth-
ods
Bi2Se3 thin films with a nominal thickness of 12, 16, 20, and 25 QLs were grown
on Al2O3 (0001) single crystal substrates via molecular beam epitaxy (MBE) using
high purity (% 99.999) Bi, and Se. The films were grown on double-sided polished
Al2O3 (0001) pieces which yielded a better film quality than the ones grown on
single-sided polished Al2O3 (0001). Prior to growth, substrates were annealed in air
for 2 hours at 1200 ◦C to achieve an atomically smooth surface. Two step growth
was implemented [54] with a substrate temperature of Ts = 140
◦C for the first three
quintuple layers and, Ts = 275
◦C for the remaining layers of the film. The growth
of Bi2Se3 is typically done in Se rich conditions to compensate the desorption of Se
atoms during the ablation process. A molecular beam ratio of Se/Bi ≈ 15 was used
in growing our films. Growth rate was determined by Bi flux with a rate of 0.6
QL/min. The film thickness were chosen as d ≥ 12 QL to avoid band hybridization
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Figure 6.1: Streaky RHEED images showing a highly epitaxial Bi2Se3 films with
thickness of 12, 16, 20 and 25 QLs.
(direct coupling) between top and bottom surfaces which is typically seen in ultra-
thin films with a thickness less than 6 QL [108]. During the growth, surface quality
of the films was monitored by reflection high energy electron diffraction (RHEED).
Figure 6.1 shows RHEED images for each sample which were taken at the end of the
growth. Streaky RHEED pattern indicated the formation of epitaxial and smooth
films. Also, RHEED oscillations for each sample is shown in Fig. 6.2. The oscillations
corresponding the low temperature growth of first 3 QL was not captured due the
amorphous nature of the films. RHEED oscillations corresponding to a completion
of a QL were also detected for all of the other films. The 25 QL sample which is the
thickest among the others, showed RHEED oscillations until 8 QL, which indicated
an increasing roughness for this film.
X-ray diffraction (XRD) and x-ray reflectivity (XRR) measurements were per-
90
6.2. SAMPLE PREPARATION AND EXPERIMENTAL METHODS
Figure 6.2: RHEED oscillations for 12-25 QLs Bi2Se3 films. Each peak corresponds
to a completion of a quintuple layer (QL). The oscillations for the first 3 QL were
not recorded at the low temperature step of the growth.
formed using CuKα radiation with a wavelength of 0.15418 nm. The layered rhom-
bohedral crystal structure of Bi2Se3 was confirmed with the observation of (00l)
reflections (Fig. 6.3a). In order to investigate the disorder and defect density, rock-
ing curve scans of Bi2Se3 (0015) reflections were recorded which revealed an increase
in the disorder level with increasing film thickness (Fig. 6.3b and inset). Figure 6.3c
shows the XRR data and the corresponding fits for all of the films. The agreement
between the data and the fits was excellent and nearly all finite size Kiessig fringes
were captured until the first Bragg peak. XRR data was fitted with GenX [59] with
the parameters shown in Table 6.1. The thicknesses of the films were confirmed to
be within %5 to the in-situ values on average. The surface roughness on the top
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of Bi2Se3 layer was extracted from these XRR fits and analysis. Roughness values
were 0.37, 0.47, 0.61 and 1.67 nm for 12, 16, 20 and 25 QL samples, respectively.
The increase in roughness with film thickness is consistent with the increase in the
width of the rocking curve scans of Bi2Se3 (0015) reflection (inset to Fig. 6.3a).
A detailed discussion on film thickness and roughness determination can be found
elsewhere [60, 100]. Transport measurements were performed in a physical property
measurement system (PPMS) with six-probe Hall bar configuration. The magnetic
field was applied perpendicular and parallel to film surface. In both configurations,
the magnetic field was kept perpendicular to current direction.
6.3 HLN Formalism of Perpendicular Magneto-
conductance
Weak antilocalization of topological insulators results from the strong spin orbit
coupling and protected by time reversal symmetry in the absence of magnetic per-
turbation. The absence of backscattering of time reversed electron paths causes the
magnetoconductance to reach a maximum. The application of magnetic field intro-
duces an arbitrary Aharonov-Bohm phase into the system and increases backscat-
tering which results in a sharp decrease in the magnetoconductance. For a diffusive
system with spin orbit interaction, 2D magnetoconductance was studied by Hikami,
Larkin and Nagaoka (HLN) formalism. The quantum correction to the Drude con-
ductivity is given by HLN equation [24];
∆σ⊥(B) =
3∑
i=1
αi
e2
2pi2~
[
ψ
(
~
4eLφ2iB
+
1
2
)
− ln
(
~
4eLφ2iB
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(6.1)
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Figure 6.3: (a) X-ray diffraction (XRD) data for Bi2Se3 films revealing (003) family of
planes, and confirming the growth is along the c-axis. Asterisks represent the peaks
from the substrate. (b) Rocking curve scan for the Bi2Se3 (0015) reflection. Inset:
FWHM of rocking curve indicating an increase in disorder with the film thickness.
(c) X-ray reflectivity (XRR) data (circles) for all the films used in this study. Red
lines represents the fits to the XRR data. The first Bragg peak of Bi2Se3 (003) is
labeled in figure at q = 0.65 A˚−1.
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Figure 6.4: (a) HLN formula fits to the magnetoconductance at low fields for Bi2Se3
films with different thickness. Solid red lines represent the fits (b) Digitized mag-
netoconductance data from references [99] and [109]. 10 % error bar included in
the data from ref. [99] as reported by authors. Lines represents the HLN formula
fits (c) The phase coherence lengths for the bulk (Lφb) and surface (Lφs) vs. film
thickness. Black and red circles represents the phase coherence lengths for bulk and
surface, respectively for our samples. Similarly, blue and magenta circles represents
the bulk (Lφb) and surface (Lφs) phase coherence lengths obtained from HLN fits for
the samples in ref. [99]. Green line indicates and average of Lφs ≈ 43 nm in a wide
thickness range including our samples and the samples from reference [99]. Note
: The data in reference [109] gives satisfactory fits with only bulk phase coherence
lengths, indicating that the measurements were dominated by bulk states. (d) Mag-
netoconductance data for 12 QL Bi2Se3 samples with pure and with x = 0.026. Lines
represent the fits to three channel HLN formula (e) Phase coherence lengths for Mn
doped samples. The sample with x = 0.026, Mn (surface doping) shows negligibly
small value for the Lφs (brown circles). Dashed line is a guide to the eye in order to
separate the regions for Lφb and Lφs.
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Sample Layer Thickness (nm) Roughness (nm)
12 QL MgF2 7.21 1.73
Top interface 0.58 0.31
Bi2Se3 11.4 0.37
Bottom interface 0.50 0.17
Al2O3 0.11
16 QL MgF2 9.61 1.49
Top interface 1.16 0.37
Bi2Se3 15.9 0.47
Bottom interface 0.87 0.43
Al2O3 0.09
20 QL MgF2 7.05 2.21
Top interface 0.25 0.12
Bi2Se3 21.4 0.61
Bottom interface 1.28 0.11
Al2O3 0.03
25 QL MgF2 13.3 1.94
Top interface 1.17 0.31
Bi2Se3 25.2 1.67
Bottom interface 1.03 0.26
Al2O3 0.11
Table 6.1: Thickness and roughness parameters from fitting the XRR data with
GenX [59]. The thickness of Bi2Se3 layers agrees well with the in-situ values to
within 5%. The surface roughness of Bi2Se3 layer increases with increasing film
thickness
where αi is a constant equal to -0.5 for each 2D channel, ψ is the digamma func-
tion and Lφi is the phase coherence length. It must be noted that HLN formalism
of perpendicular magnetoconductance and Altshuler-Aronov formalism of parallel
transport are both studied in the low field regimes. Since the Zeeman g-factor of
Bi2Se3 is quiet large, (23 when H is in plane, and 32 when H is out of plane) [110],
Zeeman splitting of spin states becomes important in larger fields. Therefore, mag-
netic field must lie in the range of H ≤ kT/gµB. We assumed the presence of three
parallel conduction channels in the perpendicular transport since bulk states also
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possess WAL. Two surface states were assumed to have similar conductance contri-
butions to total conductance with a prefactor α1 (top surface) = α3 (bottom surface)
= -0.5 each, with a total of αs = −1.0. The bulk channel was assumed to have pref-
actor of α2 = −0.5. There are only two fitting parameters in Eq.(6.1): the bulk
phase coherence length (Lφb) and the total surface phase coherence length (Lφs).
The results of the measurements and the corresponding fits at T = 2 K are shown
in Fig. 6.4. By fitting the magnetoconductance shown in Fig. 6.4a, we extracted
Lφb and Lφs. For truly 2D surface states, the surface phase coherence length (Lφs)
should be independent of thickness. The phase coherence lengths obtained by this
procedure are plotted in Fig. 6.4c. In the thickness range of 12-25 QLs, Lφb increased
with increasing thickness due to the quasi 2D nature of bulk states. The increase in
Lφb clearly indicates that there is a finite thickness effect for the electron trajectories
that resides in the bulk of Bi2Se3 films. Surface phase coherence lengths are also
plotted in Fig. 6.4c, which shows nearly a constant value over the same thickness
range. The constant value over a wide range of thickness values confirms that our
modified HLN model captures the physical nature of transport in Bi2Se3 films. The
average value of Lφs for our samples was approximately 43 nm. Another interesting
observation from the fit results was identifying the relative strengths of bulk and
surface contributions to the transport. Because of the finite thin film thickness, the
bulk states act as a quasi-2D system which can also have WAL (this is assumed in the
modified HLN model). Our findings are consistent with the bulk dominated transport
with a higher values of Lφb than Lφs (Lφb > Lφs). To demonstrate the validity of
the model, we digitized the data in Refs. [99] and [109] and fitted the corresponding
magnetoconductance as shown in Fig. 6.4b. The fit results for the digitized data from
these references are plotted in Fig. 6.4c together with the results for our samples.
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Figure 6.5: Left: Bulk doping of Mn in the 8 QL of a 12 QL Bi2−xMnxSe3 film with
x = 0.026. Blue and gray regions indicate pure Bi2Se3 and Mn doped Bi2−xMnxSe3
(with x = 0.026) layers, respectively. Right: Surface doping of Mn in the top+bottom
2 QLs of Bi2−xMnxSe3 film. 8 QL thick bulk is a pure Bi2Se3 film.
.
It is obvious that the Lφs shows a constant value over the thickness range for 8-32
QLs thin films studied in reference [99]. The average surface phase coherence length
is, Lφs ≈ 42 nm, very close to the value that we have for our samples. On the other
hand, Lφb increases with the thickness, again indicating the thickness dependence of
bulk phase coherence length. However, the data from Ref. [109] were easily fitted
with only Lφb, that is, the bulk states dominate the transport. As a representative
sample, 18 QL data was digitized from ref. [109] which is shown in Fig. 6.4b. We
obtained Lφb ≈ 264 nm and Lφs ≈ 0 which confirms that the measurements is only
dominated by the bulk channel.
To further test the validity of our modified HLN model, two 12 QL thick Bi2−xMnxSe3
films with Mn concentration of x = 0.026, were grown in the same conditions as the
pure samples. The structure of these two samples are illustrated in Fig. 6.5. The
first one of these samples had Mn everywhere except the top+bottom 2 QLs (Fig.
6.5, left), while the second one had Mn in the top+bottom 2 QLs of 12 QL Bi2Se3
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film (Fig. 6.5, right). The modified HLN model would predict negligible contribution
to the transport from the surface state with the Mn doped only in the surface layers.
Figures 6.4d and 6.4e show the magnetoconductance data and the fit results obtained
at T = 2 K for these Mn doped samples. The sample which had Mn impurities on
the surface layers yielded negligibly small value for surface phase coherence length
(Lφs ≈ 0)(Fig. 6.4e), as expected from the model. The magnetic impurities on the
surface states break time reversal symmetry and quench the electronic phase coher-
ence, which results in a bulk dominated transport. However, in the sample which had
Mn impurities in the bulk, surface channel contribution to transport survived and
the fit yielded a surface phase coherence length of Lφs ≈ 42 nm, which agrees with
the values we have in our undoped samples. Moreover, bulk phase coherence length
of Mn doped sample (bulk doped) was smaller than our pure samples’ bulk phase
coherence length, again confirming that the modified HLN model can distinguish the
surface from the bulk transport contributions.
We also studied the temperature dependence of bulk phase coherence length and
observed a decrease with increasing temperatures as shown in Fig. 6.6. The decrease
in the phase coherence length is likely due to the electron electron scattering below
20 K. As the temperature is increased, the Fermi distribution is broadened around
EF and leads to an increase in the phase space. The more accessible states in the
phase space leads larger number of electrons with energy higher than EF . As a
result, electron electron scattering increases. At higher temperatures (T ≥ 20K)
other types of scattering, such as thermally activated electron-phonon interaction
must be considered.
In order to understand the phase relaxation mechanism in WAL, the temper-
ature dependence of phase coherence length was investigated. It has been known
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Sample nb ns kf µ dreal Le D LT
1019 cm−3 1013 cm−2 A˚−1 cm2/Vs nm nm cm2/s nm
12 QL 1.85 2.10 0.11 105 11.4 7.9 23 94
16 QL 2.14 3.40 0.14 366 15.9 35.1 132 224
20 QL 1.05 2.26 0.12 331 21.4 25.8 79 174
25 QL 1.25 3.16 0.14 287 25.2 26.6 96 191
Table 6.2: Results of typical transport parameters at T = 2K.
that at low temperatures, electron electron (e-e) scattering dominates the transport
in weakly disordered systems. For the e-e dominated scattering, the temperature
dependence of phase coherence length must yield Lφ ≈ T−0.25 , Lφ ≈ T−0.5 and
Lφ ≈ T−0.75 in 1D, 2D, and 3D respectively. Power law fits to for the bulk phase
coherence lengths are plotted in Fig. 6.6a-d. From the results of the fits the bulk
phase coherence length scaled with a power law close to -0.5, and therefore the data
suggests 2D e-e scattering as the main source of dephasing. Despite an increase in
the power law exponent with increasing thickness, it did not reach to -0.75 which
is the case for 3D e-e scattering. On the other hand, Lφs does not behave in the
same way as the Lφb, and it appears that Lφs has a weaker temperature dependence
(Fig. 6.6e). The 12 QL thick sample showed a huge loss in the surface phase co-
herence length and possibly as a result of the rapid channel mixing with increasing
temperatures for the thinnest film.
The n-type behavior of conductivity was confirmed from the Hall resistivity data,
which were similar to the data discussed in Chapter 5 (Fig. 5.3a). From the Hall
effect and magnetoresistance measurements at T = 2 K, we estimated the standard
transport parameters: carrier density and mobility, Fermi wave vector, mean free
path, diffusion coefficient and the thermal lengths for our samples. The results of
this analysis were summarized in Table 6.2. Carrier densities are calculated from
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Figure 6.6: Temperature evolution of Lφb and Lφs for Bi2Se3 films. The coefficient
‘p’ in Lφb vs. T
−p slightly increases with increasing thickness. Red lines represents
power law fits to the phase coherence lengths. Power law relations are labeled in
each graph (a)-(d), for 12, 16, 20, and 25 QL thick films respectively. (e) Lφs vs. T
data. The corresponding changes in Lφs for 12, 16, 25 QL samples are small. Lφs
for 12 QL sample decreases due to channel coupling with temperature.
the linear slopes of Hall data and corresponding Hall coefficients. Mobilities were
calculated from the standard equation, µ = 1/(ρxxnHe) since single type of carrier
dominated the transport. The bulk carrier densities and the mobilities were in the
range of 1-2 ×1019 cm−3 and 100-400 cm2/Vs for our films, consistent with the other
results reported elsewhere [54, 111]. The Fermi wavevector was obtained from the
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relation kf =
√
2pins, where ns is the sheet carrier density. Calculation of Fermi
wavevector gave an average of kf ≈ 0.13 A˚−1 which is in good agreement with
the ARPES and transport measurement results [7, 54, 112]. Mean free paths were
obtained from Le = ~kfµ/e. The diffusion coefficients obtained from [113] D =
(Le∗vf )/3, where the factor 1/3 accounts for three dimensional diffusion and vf is the
Fermi velocity calculated from Vf = ~kf/m∗. A factor 1/3 was used assuming a three
dimensional diffusion since thickness and mean free paths are close in magnitude [113]
(see Table 6.2) for the samples investigated here.The effective mass was taken as
m∗ = 0.15me in these calculations. Finally, thermal lengths were calculated from
the diffusion constant via LT = (~D/kT )1/2 and confirmed that the bulk channel
must be treated as a quasi-2D channel due to the large thermal lengths over the film
thickness (LT >> d).
6.4 Altshuler-Aronov Formalism of Parallel Mag-
netoconductance
The parallel field magnetoconductance (MC) is based on the weak(anti) localiza-
tion of bulk states and used to probe the bulk conductivity of thin films. Alshuler and
Aronov obtained the same result as HLN assuming that electron transport is mostly
diffusive in 2D systems with a moderate amount of disorder [25]. The Altshuller-
Aronov model (AA) also predicts that in a strictly 2D film, there must not be any
magnetoresistance with the field in the plane. The reason is that in a true 2D system,
scattering can not take place perpendicular to the plane, and therefore the field can
not affect the interference of time-reversed paths. However, Altshuler and Aronov
predicted that there is a magnetoresistance with H parallel to the surface in thin
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films due to the finite thickness of the film [114]. The WAL in parallel field mag-
netoconductance is not as pronounced as the perpendicular case since the surface
state contribution should be negligible in the parallel field configuration. As the
film thickness reduced, a significant decrease in the parallel magnetoconductance is
expected due to reduced dimensionality of the bulk states.
We studied MC in parallel fields to understand the bulk properties of Bi2Se3 thin
films. In the AA formalism, the parallel field magnetoconductance of a thin film
depends on the thickness d through the formula [113],
∆σ‖(B) = −
R
(
H‖
)−R(0)
R(0)R
=
e2
2pi2~
[
3
2
ln
(
1 +
d2L∗2φB
12L4H‖
)
(6.2)
−1
2
ln
(
1 +
d2L2φB
12L4H‖
)
+ g(T ) ln
(
1 +
d2L2T
12L4H‖
)]
,
where the three length scales Lφ
∗
b , Lφb and LT are spin-orbit, phase coherence and
thermal diffusion lengths, respectively. These length scales are related to the diffusion
constant of the material by Lφ
∗
b = (Dτφ
∗
b)
1/2, Lφb = (Dτφb)
1/2, and LT = (~D/kT )1/2,
where τ is the scattering time. Finally, LH is the magnetic length of a particle with
charge 2e and related to the magnetic field via LH = (Φ0/2piH)
1/2 where Φ0 is the
magnetic flux quantum. It must be noted that for Eq.(6.2) to work, the samples must
be in the quasi-two dimensional limit where the thickness satisfies λ d Lφb, LT ,
where λ is the electron wavelength. This relation is satisfied for our samples at low
temperatures (T ≤ 20K). The first term in Eq.(6.2) is negligible because WAL is
dominated by Lφb. Our two-parameter fits on parallel magnetoresistance points to a
value of g(T ) ≈ 0 which results in a simplified version of the above formula,
∆σ||(B) =
e2
2pi2~
[
−1
2
ln
(
1 +
d2Lφ
2
b
12LH4||
)]
(6.3)
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where the relations H . Φ0/2pid2 and ∆σ‖/∆σ⊥ = 2d2/L2T  1 must hold at low
fields and temperatures, respectively. Figure 6.7a shows the parallel magnetocon-
ductance data at T = 2 K for our samples. There is an increase in the quantum
correction to the bulk conductivity which confirms the sensitivity of bulk transport
to the film thickness. The data were fit to Eq.(6.3) with only one fitting parame-
ter: bulk phase coherence length, Lφb. Bulk phase coherence lengths obtained from
parallel and perpendicular transport must agree with each other since bulk channel
dominates both measurements. Lφb as a function of film thickness is shown in Fig.
6.7b. The values for Lφb obtained for the parallel and perpendicular field configura-
tions agree to within 10% for the 16, 20 and 25 QLs samples. However, the 12 QL
sample yielded 260 nm, which was larger than the value we extracted from the per-
pendicular measurements. The disagreement for the bulk phase coherence lengths
for the thinnest sample may result from another mechanism in the perpendicular
transport measurements. In a previous study, it was discussed that indirect cou-
pling between top surface/bulk/bottom surface channels may occur with a thickness
up to 10-12 QLs [103, 115–117]. The most reasonable explanation for low Lφb in
perpendicular transport is that there is partial indirect coupling between top sur-
face/bulk/bottom surface channels which decreases the electronic phase coherence
length due to electrostatic interaction. The possibility of an indirect coupling in the
perpendicular transport for 12 QL is consistent with the temperature dependence
of Lφs, which indicated a rapid channel mixing (indirect coupling) with increasing
temperatures (Fig. 6.6e). The indirect coupling at low temperatures can not be a
significant effect for thicker films as the bulk phase coherence lengths in both field
configurations were almost the same (Fig. 6.7b) and the changes in Lφs were very
small (Fig. 6.6e).
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In order to compare our results to the perpendicular transport, temperature de-
pendence of bulk phase coherence length was also studied in parallel fields (Fig.
6.7b). The dephasing mechanism was obtained from the temperature dependence of
Lφb assuming a power-law dependence Lφb ∝ T p. The data indicated similar power
law coefficients to the perpendicular transport for the 16, 20, and 25 QL samples,
which confirmed 2D electron electron scattering as the main source of coherence loss
(Fig. 6.7c-f). A value of p = 0.64 ± 0.03 was obtained for the 12 QL sample (Fig.
6.7c), showing a large deviation from the perpendicular transport value suggested an
indirect electrostatic interaction between channels with increasing temperature.
6.5 Temperature Dependence of Conductivity and
Electron-Electron Interaction
The temperature dependence of resistivity measurements in TIs demonstrates an
enhancement in the resistivity as the temperature is lowered. This is surprising be-
cause the WAL in TIs should cause a decrease in the resistivity at low temperatures.
Therefore, it is important to understand the physics behind this resistance anomaly
as well as the energy/spin relaxation mechanism at low temperatures. Several studies
have been reported to explain low temperature resistance anomaly in 2D conductors
in zero and non-zero magnetic fields [113,118,119] with the main physical mechanism
attributed to the electron electron interaction (EEI) according to the AA theory. An
electron’s Coulomb interaction with nearby electrons causes an enhanced scattering
and increases the resistance [26] because changes in the charge distribution in a dis-
ordered metal can not be screened immediately. Since the electrons are in diffusive
regime, they need time to screen the charge distribution. Slow diffusion process leads
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Figure 6.7: (a) Parallel field MC at low fields and at T = 2 K, in units of e2/h for
different film thickness. Solid red lines represents the fits to equation (6.3) (b) Bulk
phase coherence lengths, Lφb vs. film thickness. Solid line is a guide to the eye.
(c)-(e) Lφb vs. temperature for 12, 16, 20 and 25 QLs films respectively. Red lines
represents the power law fits to the data. Power law coefficients are indicated in each
graph.
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a small screening effect for a small electron momentum q. As a result, an effective
electron electron interaction (EEI) builds up due to the exchange interaction between
electron pairs [27]. This brings a correction to the resistance of the system at low
temperatures. The correction to the resistance at low temperatures is given by [113]
R(T )−Rmin
Rmin
= |A|e
2R
2pi2~
ln (T/T0) (6.4)
where Rmin is the resistance minimum, R is the sheet resistance, and A = 1 −
F˜ − p/2. The constant 1 is due to the disorder-enhanced EEI and p = 1 related
to the dephasing of phase coherence time and depends on the collision mechanism
(Lφ ≈ T−0.5 yields τφ ≈ T−1 since Lφ = (Dτφ)1/2). F˜ is a parameter reflecting
the strength of dynamically screened Coulomb interaction. T0 is a characteristic
extracted from a linear fit to ∆R/Rmin vs. ln(T/T◦) (in units of e2R/2pi2~) which
determines the temperature cutoff below which EEI is remarkably starts to dominate
the temperature dependence of conductivity/resistivity. For all our sample, T0 ≈
13K in good agreement with the temperature in which we found that the main
contribution to dephasing is the electron electron scattering. Similarly, magnetic
field cutoff of WAL effect can be determined from the coherence lengths we extracted
in perpendicular transport in the previous section. In order to investigate EEI in the
temperature range of T ≤ 13 K, magnetic field cutoff of WAL must be determined
at a similar temperature. Therefore, the average values for Lφb and Lφs at T = 20
K were calculated from the data seen in Fig. 6.6a-e. The approximate values were
80 and 22 nm, for Lφb and Lφs, respectively. So, the magnetic field cutoffs which are
related to phase coherence lengths via Bφ = ~/(4eL2φ) were calculated as, Bφb ≈ 0.03
T and Bφs ≈ 0.34 T for the bulk and surface channels, respectively. Our investigation
of the low temperature behavior of conductivity covered in the larger field range of
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B ≤ 1 T. When the field cutoff is exceeded, the WAL is suppressed and EEI is
the only mechanism affecting high field slope values, |A|high. The main mechanism
behind this is the fact that magnetic field should not effect the electron-electron
Coulomb interaction in the diffusive regime [113]. On the other hand, there are two
contributions for |A|low at zero fields. The first contribution is due to WAL with
α = −0.5 (per channel), and the second contribution is due to interaction (or EEI)
with α = 1 (per channel). The interaction part with a slope |A|high ≈ 1 is the singlet
contribution in the diffusion channel. It must be noted that this interaction part also
has a triplet contribution in the diffusion channel which is proportional to F˜ .
Figure 6.8 summarizes temperature dependence of conductance with the cor-
responding fits to the equation (6.4). Despite the original theory estimates a slope
|A|low ≈ 0.5 (per channel) in zero field, our data indicated a higher value |A|low ≈ 1.15
for 12 and 16 QL films confirming the validity of our multiple channel model (Fig.
6.8a-d). The three channel dominated transport must yield |A|low = 3(−0.5+1) = 1.5
for the slopes at zero fields for our films. However, we observed a slope of 1.15 for
12, and 16 QL and similarly a slope of 0.65 for 20, and 25 QL films, which clearly
indicated a contribution of two/three channels for the thinnest (Fig. 6.8a-d) and a
single channel in thicker films (Fig. 6.8e-h). As the thickness increases, the EEI from
surface channel becomes less pronounced and the bulk channel becomes increasingly
dominant. With increasing field the slopes must reach 3, at least for the thinnest
films which must be the case for 3 independent channels. In fact, for the 12 QL film,
slope |A|high completely saturated 1.72 at a magnetic field of µ0H = 5 T, indicating
a closer to the two channel prediction rather than three channels. The discrepancy
between our three channel model WAL and two channel EEI in the thinnest films
may result from asymmetric contribution from top and bottom surface states.
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Figure 6.8: Temperature dependence of resistivity in units of e2R/2pi
2~ for different
film thickness. Solid red lines represents the fits to equation (6.4) Insets show the
slopes |A| determined from ln(T) dependence. Both perpendicular (left) and parallel
(right) field measurements are shown for 12 (a,b), 16 (c,d) 20 (e,f), 25 (g,h) QLs
samples, respectively.
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The bulk dominant EEI with increasing thickness is consistent with the thick-
ness dependence of bulk transport and the temperature dependence of bulk phase
coherence length. We observed an increase in bulk phase coherence length due to the
decrease in EEI in the thicker films. This effect, yielded a slope of 0.65, and 0.66 for
20 and 25 QLs samples which saturated around 1.25 and 1.23, respectively (insets
to Fig. 6.8e-h). These values agree very well with the prediction in the original
theory for which the change in slope, |∆A| = |A|high− |A|low ≈ 0.5 indicates a single
channel. In order to analyze the observed two channel EEI, we must note that the
observed behavior can not be a response from two surfaces as the bulk states is also
quasi-2D in nature, below T ≤ 13 K. Therefore a bulk contribution to EEI from the
bulk channel must exist similarly to the field dependence of magnetoconductance.
In order to understand the effects on EEI in bulk and surface states, we systemat-
ically investigated the EEI effect in the parallel fields as shown in Fig. 6.8(right).
Although the high field slopes must be the same in both field orientations, the data
demonstrate that the parallel field slopes do not saturate rapidly in the low field
regime. The 12 QL sample shows that the EEI between electrons in the surfaces are
very strong and saturates at higher field, µ0H ≈ 5 T.
I now discuss the behavior of the the screening parameter F˜ . Typically, the
slope is expressed by |A| = (1 − F˜ − p/2) [120], as mentioned earlier. When the
quantum interference part (WAL) is quenched, (p = 0) then the expression reduces
to |A| = (1 − F˜ ), which is the correction due to the EEI as a result of the diffusive
transport for each channel. Including two surface and the bulk states, the slope can
be written as |A| = 2(1 − F˜s) + (1 − F˜b), which simplifies to |A| = 3 − 2F˜s − F˜b.
We expect screening parameter for the surface channels, F˜s to be the same for all
the samples, since the surface contributions must not change with the thickness. By
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using the 12 QL as a reference, the changes in F˜b, ∆F˜b(d) = F˜b(d) − F˜b(12 QL),
with respect to the F˜b for 12 QL were calculated. Figure 6.9 represents the results
for relative change in bulk screening parameters for perpendicular and parallel field
measurements. There is a clear increase of trend in ∆F˜b with increasing d, which
confirms the decreasing EEI with increasing thickness. In other words, decreasing
thickness results in less effective screening and an enhanced EEI between electrons
in the thinnest films.
F˜ is one of the most fundamental parameters in 2D EEI theory which is very
challenging to estimate theoretically due to the difficulty in calculating many body
interactions between electrons [121]. In the modified EEI theories, F˜ is usually
replaced by F , which is dimensionless screened Coulomb potential between electrons
averaged over the Fermi surface [119,122]. The relation between the two parameters is
given by, F˜ = (32/3F )[(1+F/2)3/2−1−3F/4] [121–123]. However we must note that
the difference between F˜ and F is only approximately 10% and negligible in most of
the experiments. Addressing the EEI and its effect on the low temperature resistance
anomaly requires a more complete understanding of electron electron-electron and
electron-impurity interactions in the diffusion channel.
6.6 Summary and Conclusions
The field and temperature dependence of conductivity in four high quality Bi2Se3
thin films was studied in order to provide a more thorough understanding of the trans-
port properties of TIs. The Hall effect data indicated that all the films possesses n-
type conductivity due to the electron-like carriers (Se vacancies and antisite defects)
in Bi2Se3. Using a multi-channel version of the Hikami-Larkin-Nagaoka formalism
of perpendicular magnetoconductance was used to determine the dependence of the
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Figure 6.9: The change in dynamically screened Coulomb interaction parameter F˜b
for the bulk channel as a function of film thickness at µoH = 1 T. 12 QL sample was
used as a reference to estimate the relative changes in F˜b for thicker films.
phase coherence lengths of the bulk and surface electronic states. The coherence
lengths of the bulk states was strongly dependent on thickness, while the coherence
length of the surface states was independent of thickness as expected. Data from
other studies agree with this result. Therefore, this methodology provides a way of
disentangling the surface from the bulk conduction, and also shows that at 2 K the
coherence length of the bulk states is approximately 42 nm. Magnetoconductance
measurements with the magnetic field applied in the plane of the sample, which are
only sensitive to the bulk state conduction, confirmed the results and showed that
for the thicker samples, the coherence length was similar in the parallel and perpen-
dicular configurations. For the thinnest (12 QL) sample, there was a disagreement
between the two measurements that could be attributed to interactions between the
surface states on opposite surfaces of the sample.
The temperature evolution of bulk phase coherence length, indicated that electron-
electron scattering was the main source of dephasing. The thickness dependence of
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the dynamically screened Coulomb interaction parameter for the bulk channels was
also deduced from the data. The three channel transport model discussed here cap-
tures the physics of both field and the temperature dependence of conductivity, if
EEI is affected by the electron-impurity interactions [124]. This is also consistent
with the structural data which indicated an increase in disorder/impurity level with
increasing film thickness.
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Summary
Molecular beam epitaxy was used to grow high quality Bi2Se3 and Bi2−xMnxSe3
thin films on Al2O3 single crystal substrates. The growth was implemented in two
steps with a substrate temperature of Ts = 140
◦C for the first three quintuple layers
and, Ts = 275
◦C for the remaining layers of the film. Surface quality of the films
was monitored in-situ with RHEED which confirmed the epitaxial growth for the
films. Structural quality was investigated using XRD scans. The film thickness and
roughness were confirmed from the XRR data and the corresponding fits. Structural
data indicated that the films were oriented along the hexagonal c-axis. Rocking curve
scans and XRR data analysis confirmed that the roughness/disorder increases in
thicker films, for pure Bi2Se3 thin films. Similar scans and measurements confirmed
that the disorder increases with the increasing Mn doping for Bi2−xMnxSe3 thin
films. Electrical contacts were made using silver paste cured at room temperature.
For the transport measurements, Hall bar devices with six contacts were patterned
with conventional photolithography techniques. The dimensions of Hall bar was
l × w = 1.37× 0.50 mm.
EXAFS confirmed that the Mn atoms predominantly occupy the Bi sites in the
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crystal lattice of Bi2Se3. A valency of 2+ was obtained for Mn from the XPS analysis.
The acceptor nature of Mn2+ was confirmed with the transport measurements.
Unfortunately, the electrical conductivity was dominated by the bulk states in
both perpendicular and parallel field measurements. Using a modified model for HLN
equation and by considering three independent conducting channels, we extracted the
contributions to the magnetoconductance coming from the surface and bulk states
independently. Parallel field transport was studied by Altshuler-Aronov formalism
which confirmed significant bulk contribution in the transport. The low temperature
behavior of conductivity was dominated by the electron-electron interactions.
Future work will focus on improving the MBE growth of Bi2Se3 and finding
experimental procedures to achieve an insulating bulk for the films. Using the gating
techniques might be helpful to deplete the carries in the bulk and allow probing the
surface states in transport measurements. Also, smaller sizes of Hall bars need to be
patterned to see whether the absence of Shubnikov de Haas oscillations is related to
size effects, or to scattering from the edge/boundary of the large Hall bar.
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